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ARPA/NRL X-RAY LASER PROGR /M

Final Technical Report on ARPA Order No. 2494 to
Defense Advanced Research Projects Agency

I. INTRODUCTION

This is the final technical progress report for the ARPA portion
of the ARPA/NRL co-sponsored X-Ray Laser Program. Prior to this
report there were four semiannual technical progress reports. Each
of these previous reports* was prepaved in considerable detail.
These reports are referenced frequently in this report, and no
attempt has bcen made to duplicate that material in this report,

The goals of the program have remained the same since the program
began in January 1974 — to define and explere at a number of
locations the most promising approaches to achieve laser action
and coherent radiation in the soft x-ray region. Considerable
1 gress has been made in attaining this goal. Various promising
ap, roaches have evolved during the program, and the presently
described approaches offer considerable promise for a continuing
NRL program. Although significant progress has been made, ARPA
has seen fit to terminate the program. Hence the promising results
reported here do not represent the completion of a useful x-ray
laser but strong evidence that the goal could be attained if the
program had continued.

The approaches that have proved most promising and that are being
pursued currently are:

Nonlinear optical mixing for producing coherent radiation in the
vacuun-UV and soft x-ray regions;

Electron collisional pumping of ions in schemes amenable to
isoelectronic extrapolations to short wavelengths;

*Previous semiannual reports on this project are referred to liberally

in the present report. These are published as NRL Memorandum Reports
N9. 2910 (October 1974), No. 3057 (March 1975), No. 3130 (September
1975), and No. 3241 (March 1976). Copies are available on request.
Note: Manuscript submitted April 6, 1977.
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Investigation of resonant charge transfer pumping at a high rate

into preferential levels as an advanced soft X-ray amplifier;
and

Theory, analysis, and numerical modeling in support of these
approaches and continual investigation of new concepts.

The nverall theme in this program is to generate g coherent, col-
limated iaser beam at as short a wavelength as possible for materials
diagnostic applications, The general approach is to transfer a high
degree o. coherence from long wavelengths, with amplification through
molecular and ionic devices in an eventual chain system as illustrated
in Fig. 1. The areas of current NRL accivity are bounded by solid
lines: thos2 of conczivable future activity by dashed lines. A high
peak intensity pulse from a coherent laser at 1 um is frequency
upconverted into the v~cuum ultraviolet (VUV), possibly with accurate
tuning capability, This step is described in Section II. Electron
collisional population inversion at shorter Vuy wavelengths appears
promising in magnetic pinch-heated plasmas (Section III). At shorter
soft x-ray wavelengths, the rapid resonance charge transfer process
remains most interesting for achieving significant inversion, and
progress on the current definitive experiments is described in
Section IV, An alternative to the ncnlinear mixing process to achieve
short wavelengths in the UV is traveling-wave pumped lasers. These
are described in Section V. They suffer from a lack of coherence,
however, and therefore are of limited application, i.e,, primarily
candidates for amplifiers, Some alternatives to these approaches have
been studied. The results of the analysis appears in Section VI,

This general scheme as shown in Fig. 1 has changed since the last
report. First, the concept of the electron collisional amplifier no
ionger includes a line focus laser-heated plasma as a possibility,
This approach to the amplifier has been ruled out following a careful
characterization of the laser-produced plasmas. This work showed that

configuration, The details of this work appear in Section ITI.
Second, the need for a Hy or Xe amplifier in the region around 1600 }
may have been eliminated, A major accomplishment of the last period

has been the efficient generation of coherent radiation at 53 and 38 nm,

The technique used was resonantly enhanced nonlinear mixing in rare
gases.This work represents the shortest wavelength coherent radiation
ever generated anywhere. The efficiency of the 53 np generation is
2 10 ®. This work is described in Section II. Finally, the charge
transfer amplifier is on firmer ground. Recent work, which is
described in Section 1V, appears to confirm the existence of this
physical process in an interaction region between a neutral gas and
an expanding laser-produced plasma,
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Fig. 1 — Block diagram of coherent amplification scheme




The following sections of this report describe the details of
progress made in each of these areas since the last technical report.
A summary of the important points is included in the last section. 1In
some instances the work has been prepared for publication or has been
published. In these cases the reprint has been included in the
appendices and only brief mention of the work is made in the main
body of the report. Each section also contains comments about where
progress could be expected with continued effort.

Note added in proof (29 April 1977): Word has arrived that scientists at the
Institute of Spectroscopy, Moscew under the direction of Prof. Letokhov have achieved
a gain coefficient of 10 cem—1 at a wavelength of 60 A using a plasma produced from
KC¢ and using photon pumping. While further details are not yet available, the resem-
blance to the scheme (2) described in Appendix A here and proposed to ARPA for an
experiment in April 1976 is striking.
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II. COHERENT VACUUM UV/SOFT X-RAY PULSES BY NONLINEAF. MIXING AND
AMPLIFICATION

II. A. INTRODUCTION

Single pass amplified spontaneous emission devices produce radia~
tion of limited coherence. Because of the short lifetimes involved in
the short wavelength emission processes, the coherence properties of
the radiation is not easily improved by use of cavities. Frequency up-
conversion through nonlinear cptical processes provides a method of
generating coherent light at desired wavelengths in the extreme ultra-
violet and soft x-ray regions by transferring the coherence of laser
radiation generated at longer wavelengths. In this section, the goals
and major results of that part of the program which was cdirected toward
demonstration of frequency upconversion into the XUV are described.
This concept is based or. a cascaded frequency conversion procedure.

The primary attraction of this approach is that it takes advantage of
the high quality coherent radiation generated in the mode-locked Nd:YAG
laser. Two stages of second harmonic generation are used to generate
the fourth harmonic at a wavelength of 266.1 nm, Using this as a pri-
mary source of radiation, two separate approaches have been investigat-
ed. 1In the first, the fourth harmonic pulses (266.1 nm) are converted
to tunable radiation in the vacuum ultraviolet (VUV), through successive
stages of parametric conversion followed by four wave mixing. This
radiation can be tuned to match the wavelengths of multi-photon non-
allowed transitions in appropriate gaseous media. This makes possible
efficient resonantly enhanced conversion to even shorter wavelengths in
the extreme UV (XUV). The possibility of amplification with appropri-
ate VUV lasers was also considered.

In the second approach, the 266.1 nm radiation is converted direct-
ly to the XUV through higher order nonlinear processes (e.g., fifth or
seventh harmonic conversion). Under appropriate conditions the efficien-
cy of such high order conversion processes can be comparable to or
exceed that of lower order processes due to resonant enhancement or
phase matching considerations. Although such processes have been pro-
posed in the literature for the generation of coherent short wavelength
radiation, they have not previously been successfully demonstrated.

Both of the.se approaches require pulses at 266.1 nm of the highest
possible power and beam quality and free of either spatial or temporal
substructure, Thus, it is imperative to optimize both the laser per-
formance and the harmonic conversion efficiency at each stage. Several
aspects cf this part of the program are summarized in what follows:

(1) optimization of the second and fourth harmonic generation processes,
(2) demonstration of compensation of self phase modulation at 1.06 um
using Cs vapor, (3) generation of tunable visible and VUV radiation
using parametric down conversion and four wave mixing and, (4) genera-
tion of coherent radiation in the VUV through fifth and seventh order
mixing processes.
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Work on this approach has resulted in the establishment of two
successive world records for the shortest wavelength coherent radiation
- first at 53.2 nm by fifth harmonic generation and later at 38 nm by
seventh harmonic conversion. 1In addition, this work is the first
application of nonlinear optical processes of order higher than three
to the generation of coherent radiation in the XUV. It demonstrates
the feasibility of using such processes tc extend the range of coherent
wavelengths ever closer to the soft x-ray range and doing so with
significant conversion efficiency.

II. B. EFFICIENT SECOND AND FOURTH HARMONIC CONVERSION

In this section we describe the optimization of the first two
second harmonic generation (SHG) processes, which convert the neodymi-
um laser output to 266 nm. The previously low observed conversion
efficiencies of the individual harmonic generation steps has been an
argument against cascaded upconversion of laser radiation to obtain
coherent radiation at short wavelengths. This would result in severe
reduction in energy and limit the process before useful wavelengths
were reached. It is apparent from reports in the literature that
there has been widespread difficulty in achieving satisfactory results
in fourth harmonic generation of the 1.004 um emission of neodymium
lasers. However, there was good motivation to improve this situation.
In addition to being a high intensity source for further nonlinear
processes, the resulting fourth harmonic of this laser has many other
potential applications, such as material studies and photochemistry.
High efficiency conversion of Nd laser output to the fourth harmonic
would provide a 266 nm source with many desirable characteristics:
ease of operation, high power, good optical characteristics, and pulse
durations that can be selected in the range from picoseconds to nano-
seconds. Through careful control of experimental conditions and
expanding theoretical understanding of the second harmonic generation
process, greatly improved conversion efficiencies to 266 nm have been
achieved and new aspects of the harmonic conversion process vhich are
important to the laser research community have been discovered.

The second frequency doubling from 532 nm to 266 nm is the more
difficult step in obtaining the frurth harmonic of the laser emission.
At the time this investigation of harmonic generatic.n was begun, 80%
conversion had already been reported for the 1.064 um to 532 nm first
stepl, Tha best reported experimental conversions for doubling from
532 nm to 266 nm were in the range of 30 to 40%, whereas corresponding
theoretically predicted conversions were in the range of 70 to 80%.
Energy conversions of 80% in the first doubling have be.a duplicated
and 85% conversion efficiency in the second doubling to 266 nm has been
obtained. This is the highest value yet reported, and these experimen-

tal results are in excellent agreement with theory. In addition, it has

been demonstrated that harmonic generation under improper conditions

will result in distortion of both pulse shape and spectral distribution,

which further limits the usefulness of the harmonic and transmitted
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fundamental pulses.
II. A.1. EXPERIMENTAL
a, LASER

The essential experimental tool that allowed these results was the
mode-locked Nd:YAG laser system developed early in this program®:°.
Briefly, the laser is operated at a single pulse output of 70-mJ energy
and 35-psec duration. The spatial distribution is Gaussian-like and
propagates nearly diffraction limited with the far field distribution
only 10% larger in radius than the diffraction limited value. The
spectral distribution is only slightly in excess of the time-bandwidth
limited value due to the presence of a .8T peak self-phase modulation
occurring in the final stages of laser amplification. As is described
below, good optical quality of the fundamental laser beam is essential
to high level second harmonic generation. Minimum pulse distortion due
to self focusing and self-phase modulation as well as good optical
quality become critically important to the more difficult cascaded
second harmonic generation process used to obtain the fourth harmonic
of the laser output.

b. SECOND HARMONIC GENERATION, 1.064 pum TO 532 nm

A 50-mm long crystal of KDP is used for the first doubling step
with 00-E phase matching and angle tuning. For both steps of harmonic
conversion it is necessary to adjust input intensity to match crystal
length. Excessive intensity mezkes tuning to phase matching extremely
critical, and low intensity results in low conversion. The direct
output of the laser had a peak intensity of 3 x 10° W/em®. At this
intensity satisfactory harmonic conversion with the 50 mm crystal was
not possible. It was necessary to use a telescope to double the beam
diameter and reduce the peak intensity to 8 x 10° W/enf. Even at the
reduced intensity, angle tuning to phase matching was extremely critical
requiring adjustment to 5 X 10~° radian to obtain optimum harmonic
conversion.

c. CASCADED SECOND HARMONIC GENERATION FROM 532 nm TO 266 nm

High efficiency harmonic conversion from 532 nm to 266 nm in phase-
matched crystals was more difficult, The discrepancies between observed
experimental conversion and theoretically predicted values had been
attributed in the literature to such varied processes as linear or non-
linear absorption at 266 nm, disturbance of the phase-matching conditioan
due to absorption followed by local heating, group velocity dispersion,
and improper or incomplete phase matching®»*>®38, This process was in-
vestigated using crystals of ADP and KD*P of various lengths opserving
conversion efficiency, total energy transmission, and spectra of inci-

dent and transmitted radiation. The results of this investigation




showed it was necessary to use short crystals (~ 4 mm) to obtain satis-
factory phase matching in the presence of the self-phase modulation of
the fundamental pulse and large group velocity dispersion of the
crystals at these wavelengths. With cr¥stals of this length it is

e 3 P 0 2
necessary to use high intensities (~ 10 W/cm®) to achieve conversion

in the 70 to 80% range.

The experimental setup used to measure conversion is shown in t
Fig. 2. The 532 nm radiation from the first SHG crystal was isolated
with a polarizing prism. Telescopes were used to obtain different
intensities at the second doubler crystal. Energy at 532 nm was moni-
tored both before and after the crystal with beam splitters and a
calibrated photodiode. Harmonic energy at 266 nm was monitored with a
second calibrated photodiode. The crystals were tuned through phase
matching either by temperature or angle tuning. A variation from unity
of the normalized sum of fundamental and harmonic energies would indi-
cate the presence of nonlinear absorption. No such absorption was
observed in the SHG process (Fig. 3). Similar measurements with ADP
and KD*P crystals of various lengths tuned to phase matching showed ;
large oscillations of conversion efficiency with crystal length but no |
evidence of nonlinear absorption (Fig.4 ). This indicated that the
problem of low conversion in long crystals was caused by improper phase
matching.
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Conversion efficiency was also measured at different pump energies
in % mm samples of ADP and KD*P (Fig. 5). The observed conversion for
ADP lies between theoretical curves for a plane wave with Gaussian
pulse shape and a pulse Gaussian in bothk time and <pace. This is
expected since the fundamental pulse will have experienced reduced
conversion in its low intensity wings in the first doubling process.
Conversion efficiencies are slightly higher for ADP than the corres-
ponding values for KD*P due to the larger SHG coefficient of ADP. The
greater temperature sensitivity of ADP? and the larger two photon ab-
sorption coefficient described below, however, make KD*P the crystal of
choice for SHG from 532 nm to 266 nm.

Spectra of the input and transmitted pulses give further insight
into the physical processes involved. Simultaneous spectra of the
incident fundamental at 532 nm and the transmitted fundamental and
harmonic at 266 nm were made by illuminating different portions of the
input slit of a grating spectrograph with the three beams. The spectra
obtained with short crystals (4 mm) and high conversion show no develop-
ment of structure (Fig.6a). 1In contrast, the spectra of the transmitted J
fundamental and harmonic with long crystals (25 mm) show deep modulation
even though the incident pump spectrum has little distortion and only
slight broadening due to self-phase modulation (Fig. 6b).

d, NONLINEAR ABSORPTION OF ADP AND KD*P AT 266 nm

An immediate application of the intense, well characterized pulses
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Fig. 3 — Fundamental pump transmission and harmonic conversion efficiency dependence
for angle tuned SHG from 532 to 266 nm. The normalized sum of pump and harmonic
signals shows no evidence of nonlinear absorption at high harmonic intensities.

10

e



i R R e

3

(o]

& I T
-
o 8}
Z
g ®
: 6 il
w
1]
& a4l t
73]
& 3
> ol * ADP
Zl
S o KD*P

1 l 1 I 1 J
0 lcm 2cm 3cm

CRYSTAL LENGTH

Fig. 4 — SHG conversion efficiency as a function of crystal length. Initial fundamental
peak intensity was 109W/cm? for these measurements. The solid curve (a) is obtained
from a time dependent numerical solution. The dashed line (b) is the sum of normalized
transmitted fundamental and harmonic signals.

1

S SR




ol e g et e =
LOF
MONOCHROMATIC =
PLANE WAVE [
B
PLANE WAVE
6 GALISSIAN IN TIME GAUSSIAN IN

CONVERSION EFFICIENCY

TIME AND SPACE

| B [ 1 | 1 1 | O |
10® 10® 10"
PEAK INTENSITY (W/cm?)

Fig. 5 — Conversion efficiencies for different pump intensities in 4 mm samples of ADP
and KD*P (data points). Solid lines are theoretica! SHG conversion efficiencies for vari-
ous spatial and temporal intensity distributions of the incident fundamental.
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Fig. 6(a) — Spectra of fundamental and harmonic pulses obtained with .4 cm crystal

in experimentally observed SHG from 532 nm to 266 nm
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at 266 nm was the study of nonlinear absorption in the two crystal
materials, which it was not possible to infer indirectly from the pre-
vious measurements of the SHG process. After fourth harmonic generation,
the 266 nm radiation was isolated with dispersing prisms. The intensi-
ty of the radiation was adjusted by telescoping and tuning the cascaded
SHG crystal through phase matching, The 266 nm pulse was then trans-
mitted through additional samples of ADP and KD*¥P with the crystal
rotated 90° to prevent the inverse parametric process from epleting
the pulse. Incident and transmitted intensities were measured to
determine the dependence of transmission on intensity. It was found
that the nonlinear transmission coefficients were 11 x 10~* cm/W and
2.5 X 107" cm/W for ADP and KD*P respectively. Linear absorption co-
efficients were measured on a spectrophotometer and found to be

.035 em™! for both materials.

The effect of linear absorption (g = .035 cm™') and nonlinear
absorption (B = 11 X 10-!! cm/W) on harmonic conversion efficiency for a
monochromatic planewave is shown in Fig. 7., A family of curves is
given for different input pump intensities with harmonic conversion
efficiency plotted as a function of crystal length. The curves indicate
that, for input intensities between 10° W/en® and 10° W/em®, four mm is
a good choice for crystal length. The broad maximum in the envelope
near 20 mm indicates the optimum length for conversion of a monochromat-
ic plane wave. This length is reduced by phase matching considerations
for short pulses with phase modulation.

II. B.2. THEORETICAL
a, MONOCHROMATIC PLANEWAVE APPROXIMATION

The equations which describe SHG generation of a monochromatic
planewave are

dE, (z)

;; = %% Elz(z) exp (-~ilkz) (1
dE. (2)

dlz S - g.‘-é’ B *(2) Ey(z) exp (ioke). (2)

Here MKS units are used, E;(z) and E,(z) are the complex amplitudes of
the fundamental and harmonic electric fields, d is the effective SHG
coefficient, w the angular frequency of the fundamantal, n the index of
refraction, c¢ the velocity of light, z the coordinate in the direction
of propagation in the crystal and Ak the wavevector mismatch

Ak = kg - 2k,. Simple soluticns exist for two cases, first where con-
version is small and E, can be treated as a constant, and second where
phase matching is perfect and Ak = O,

15
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w g2 N2/ expéi A—k—z> (3)

For E; = ccnst. Ep(z) = = E, K 5
2
wd
For Ak = 0 E;(z) = E;(0) tanh <EE El(O)z> (4)

Equation (4) is a valid approximation for high level harmonic conversion
when Akz << 1 which is the case for our harmonic conversion experiments
with 4 mm crystals. The total conversion efficiency is obtain:.d by
integrating over the pulse in space and time,

e 2 2 2 [uwd
-[dt/dr 2'rrrEin (t,r) tanh <E Ein(t,r)z>
© 0
ﬁ:/dr 2 r Ein (t,r)
-0 0

The solid curves in Fig. 5 were obtained by numerical integration of
Eq. (5) using the specified pulse shapes. Comparison of the three
curves in the figure illustrates that very high conversion are required
at the peak of the nulse to obtain moderate overall conversions. The
table below shows overall and peak conversions for some values using a
fundamental pulse Gaussian in time and space.

. (5)

U

Overall Gonversion Conversion at Peak
85% 99.9%
75% 99.0%
50% 87.0%
25% 56.0%

The low level tuning curve described by Eq. (3) cannot be arbitrari-
ly extended to any level of conversion. To obtain tuning curves for
high level harmonic conversion, it is necessary to solve Egs. (1) and
(2) numerically (Figs. 8 and 9). When this is done we find that the
central phase matching peak narrows and the secondary maxima increase
in height as conversion increases, It is not possible to obtain per-
fect phase matching under laboratory conditions, nor is it possible to
obtain zero beam divergence. Therefore, attempting conversion at too
high a level will make phase matching impossible. At best, tuning to
phase matching is extremely sensitive at high conversion levels as has
been demonstrated in the 1.064 ym to 532 nm conversion.

The addition of linear and nonlinear absorption to the problem of
harmonic generation with a monochromatic planewave requires a simple

17




T N Tap—, e

CONVERSION EFFICIENCY

SHG PHASE-MATCHING CURVE

530.8mm KDP, A,=1064nm
1.0 1.0
. 5x107 W/em* 2410% w/em®
5 5
O = p— 1 S o |“/|\
-4 -2 0 Z2m 4w 4w -2x o 2w 4
L Ak
1.0 lﬂ[
: : --
C 5x10% W/cm? _ 109 W/em?
sk 5 -
M\Z\] N NV | RV
-4 27 (8] 2r 4m -4r 2w ] 2 4r

Fig. 8 — Theoretical tuning curves for SHG from 1064 to 532 nm in 50.8 nm long KDP.
Different initial intensities for a monochromatic planewave fundamental are used.
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Fig. 9 — Tuning curves for SHG from 532 to 266 nm in 4 mm long ADP. Different initial
intensities for a monochromatic planewave fundamental are used.
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extension of Eqs. (1) and (2).
dE
R
n Je__O_g By (2) Eo*(2) Ey(2)
2 Ho 2
+ %% E,°(z) exp (-ifkz) (6)
dE
éiz,)_ = 8 g‘—é’ E, (z) E,(z) exp (iAkz) (7

Here a linear absorption coefficient ¢ and a two photon absorption
coefficient B for absorption only at the second harmonic have been
included. These equations were solved numerically for the case of
Ak = 0 to obtain the curves shown in Fig. 8.

a., GROUP VELOCITY DISPERSION

The group velocities for room temperature angle tuned A5'p obtained
from dispersion data® are vg,f = 1.9177 x 10"° cm/sec for the o-ray at
A = 532 nm and vg p = 1.8029 x 10° cm/sec for the e-ray at Ap = 266 nm,
The difference between these two values vg,f = Vg,h = 1.48 % 10° cm/sec
is about ten times as large as the corresponding value in KDP for har-
monic generation from 1.064 pm to 532 nm. This is the reason shorter
crystals are required for the 532 nm to 266 nm process, Dispersion in
groip velocity will cause the harmonic rulse to propagate slower and
"walk off" the fundamental. The rate of this walk off is
(vg £ = V ,h,/(Vg’f vg,h) = 3.3 psec/cm of crystal length. The group
ve%ocity ispersion will reduce harmonic conversion over the case of no
group velocity dispersion, but conversion efficiency remains a mono-
tonically increasing function of crystal length for time bandwidth
limited pulsesg. only when the fundamental pulse has some excess band-
width due to modulation, will the conversion efficiency oscillate with
crystal length.

The presence of phase modul ion on the input pulse disturbs the
phase relationship between harm .ic and fundamental as the more s owly
propagating harmonic walks through the fundamental pulse. The harmonic
pulse can then drive the fundamental through the inverse parametric
process, resulting in a limitation of the conversion efficiency, genera-
tion of new frequencies, and distorticn of both pulses.

c. TIME DEPENDENT SOLUTION

It is necessary to express the equations for harmonic generation in
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time dependent form to include the effects of dispersicn and self-
phase modulation:

. Aw
2 Couzow = 18 exp -1k + e

<«

711[00 E:)(z,t) exp (iAut) dt (8)

b [} = i _QE 1 - é_(f)_
2z Guz:0) = 10 exp {50k - ) z} x

H

1, =

1 [m Boy(2,t) Eg*(2,%) exp (idut) de, )

Here @b and é;w are complex spectral amplitudes and Ey and E;, are com-
plex electric field amplitudes. The electric field amplitude and spec-
tral amplitudes are related by the Fourier transform pair

E(z,t) = %fé"(z,Aw) exp (-iAwt) dt
© (10)
&(z,0w) = % J/+ E(z,t) exp (iAwt) dAw.

@w©

The time dependent equations (Eqs. 8 and 9) were solved numerical-
ly for different conditions of interest for comparison with the experi-
mental investigations. An input pump pulse with intensity dependent
phase modulation was used
t?/

2
B (0,8) = By exp (ige” ') exp (-t?/2a°) - (11)

Parameters used were appropriate for 532 nm to 266 nm conversion in ADP.
Peak input intensity was chosen to be 10° W/cm®, and pulse width, 2a,
was set equal to 27 psec, Different values of peak intensity-
dependent phase modulation ¢ and central frequency wavevector mismatch
Ak were used (Fig. 10)., Even a slight amount of phase modulation,

¢=.17, which would be difficult to detect experimentally, drastically
reduces harmonic conversion in a 25 mm crystal. The solution for

¢=.87 has a fortuitous fit with th. experimental data.

The distortion of harmonic and transmitted fundamental pulses is

illustrated by following the calculation for ¢=.41 in more detail.
Pulse shapes obtained from the numerical calculation are shown for 4 mm
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increments of crystal length (Figs. lia and 11b). The corresponding
spectra for the fundamental and harmonic are also given (Figs. 12a and
12b), For crystal lengths up to 8 mm, harmonic generation shows no
anomalies, and the structure that develops in the fundamental pulse is
due to depletion of the central region. At 12~mm crystal length, har-
monic conversion has peaked, and the harmonic pulse is starting to drive
the fundamental through the inverse parametric process. As the two
pulses propagate through greater crystal lengths, energy is exchanged
between fundamental and harmonic and the distortion increases. Finally,
at 25.5 mm crystal length the pulses are reduced to bursts of fluctua-
tions. This type of distortion severely limits the applications of
these pulses. There is a marked similarity between the calculated
spectra at L=20 mm (Fig. 12b) and the experimentally measured spectra

(Fig. 6b ).
It is possible to define an effective wavenumber mismatch Akgff

resulting from the intensity dependent phase modulation and group
velocity dispersion. This effective mismatch is obtained from the

equation

-2 2 (- 2 2
f{%w(t) - 2g,(t)}e " /28% - (t-aE)" /24 4

427942  _(t-AEYR/24°
fe t2/28° -(t-at)*/28°

(12)

1
Ak =

eff
t

.2 2.2
-(t- =
with gou() = 206" ET2E7 gy = g™t /% and
At=4(vg £~V h)/(vé,f Vg,h)- For small At, i.e., At << a Eq. 12 can be

integrated g2 yiel

AY] -V
Ak ~8 [_8.f gh 13
eff " a \v v : (13)
g,f g,h

With ¢=.4m and a=13.5 psec, Akggs ~ .31. Numerical solutions for ¢=.4m,
and Ak=0 yield similar results for conversion efficiency a«s a function
of crystal length (Fig. 10). With knowledge of the amount of phase
modulation on the input pump pulse and group velocity dispersion it is
now possible to set additional criteria for crystal length and input
intensity., The maximum value of Akeff4 can be determined from tuning
curves such as those shown in Figs. 8 and 9. Knowledge of Akggg and
the desired peak conversion efficiency determine the maximum crystal
length that can be tolerated. Solution of Eq. 4 then determines the
peak input intensity required for the desired conversion., This value
must be below the damage threshold, which is observed to be

~2 % 10° W/en® for the crystals used in this work.

It has been demonstrated that g: atly improved efficiency can be

obtained in the conversion of neodymium laser radiation to its fourth
harmonic if high optical quality is maintained in the fundamental laser
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pulse and intensities and crystal lengths are properly chosen for
optimnum harmonic generation. In work performed on this contract, the
highest second harmonic conversion efficiencies reported in the litera-
ture have been optained. It has been demonstrated that problems ~aused
by group velocity dispersion and self-phase modulation, which have
limited the 532 nm to 266 nm harmonic generation in the past, can be
avoided., The first reported measurement of two photon absorption
coefficients of ADP and KD¥P at 266 nm have been made. Finally, the
theoretical understanding of high conversion efficiency second harmonic
generation has been expanded. With these advances, the fourth harmonic
of the neodymium laser provides distinct advantages as an ultraviolet
source compared to lasers that generate output directly in the ultra-
violet. Most importantly, the resultant fourth harmonic provides a
more useful source for further coherent upconversion to the vacuum
ultraviolet,
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II. C. COMPENSATION OF SELF-PHASE MODULATION

As part of the development of a mode-locked Nd:YAG laser system
for these experiments, investigations were made to check the feasibili-
ty of reducing the phase modulation introduced by the Nd:YAG amplifiers
by using Cs vapor as a nonlinear compensating element. Atomic Cs has a
negative nonlinear coefficient of refractive index which at number
densities of around 107 cm™® can be made equal in magnitude to the
positive coefficient of common Nd amplifier host materials. Use of such
a material for nonlinear phase compensation can in principle provide
compensation at all times during the pulse and at all points on the
spatial profile, making it superior to passive correction optics which
can provide compensation fct only a single pulse intensity,

A series of experiments to determine the feasibility of such a
process have been performed. 1In the first experiments, the self defo-
cusing which results from the negative value of n, was observed, and the
value of n, was measured and compared with theory. Agreement was found
to within a factor of 2 between our absolute measurements of n, and our
first principle calculations, Also, excellent agreement was found
between observed and predicted differences for linear and circular
polarizations. The details of these experiments are given in previous
reports (NRL Memo Report 3057).

In more recent experiments actual compensation of phase modulation
on a pulse from a Nd laser has been observed. Phase modulation in a
positive sense was introduced on a pulse in a cell of €S,. The pulse
was then propagated through a 1 m long Cs vapor cell. The deg.ee of
phase modulation was determined by measuring the spectral distribution
of the pulses. Comparison of the spectrum of pulses entering and
leaving the Cs cell was made as the Cs number density was varied. The
spectral distribution of the input pulses had a double peaked structure,
which is characteristic of phase modulation. As the Cs number density
was increased, the spectrum of the ouiput pulses decreased in width
until they reached their time bandwidth 1imit, Further increase in Cs
number density resulted in increased width as the initial phase modula-
tion was overcompensated. Complete compensation of phase modulation
depths up to 3m, the maximum which could be generated in the present
system was observed. Although this experiment was designed to intro-
duce a controlled amount of phase modulation on a pulse and then com-
pensate for it, some of the initial positive phase modulation was
determined to have originated in the amplifier chain. These results
demonstrate that phase modulation which arises in the amplifier chains
of large Nd lasers can be effectively compensated with Cs vapor,
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This work has recently been submitted to Physical Review Letters.
A copy of the paper entitled," Complete Compensation of Self-Phase
Modulation in Cesium Vapor at 1.06 n," appears in the Appendix of this
report.

11, D. TUNABLE VISIBLE AND VUV VIA PARAMETRIC DOWNCONVERSION AND FOUR-
WAVE MIXING

The experimental setup used for generation of coherent radiation in
the XUV through resonantly enhanced frequency conversion has been des-
cribed previously in a semiannual technical report (NRL Memo Report
3057). 1In this arrangement pulses at 266.1 nm are downconverted
through a parametric generation process to produce light which is
tunable throughout the visible. This radiation is then upconverted to
the VUV by four-wave mixing in a suitable medium. A second third order
mixing process is then used for conversion to the XUV. This approach
has the advantage that the VUV pump radiation can be tuned to multi-
photon resonances in the final mixing stage, improving the efficiency
of the conversion process. It is anticipated that some degree of
resonant enhancement will be necessary because of the low available
power resulting from inefficiencies in each of the cascade steps.
Amplification of the VUV pulses by appropriate VUV laser amplifiers was
considered in order to make up for the inefficiencies in the cascade
process. This approach has several advantages over use of a VUV laser
directly for a pump source.

First many of the VUV lasers are single pass, traveling wave devices
of limited coherence. The limited coherence means that the conversion
efficiency of the parametric process is expected to be low., However,
if the same device is used as an amplifiev the coherence of the in-
coming pulse is maintained. 1In addition, the VUV laser amplifiers
operate in an inversion depletion mode in which the laser pulse sweeps
out the available gain in most of the amplifier volume. Extraction of
this amount of energy in a picosecond duration pulse would result in
a considerable increase of power, accompanied by significant improve-
ment in the efficiency of intensity dependent parametric conversion
processes, For some of the higher order processes considered, such an
increased intensity could make the difference between a successful and
an unsuccessful experiment., Finally, since these processes are inten-
sity dependent, highest efficiency will be achieved at the highest
possible intensities. One of the limitations on ultimate intensity
will be optically induced breakdown.

Since the breakdown strength of a material increases with decreas-
ing pulse duration, the use of picosecond pulses for the pump radiation
in the VUV would allow higher intensities to be reached. Thus even
higher conversion efficiencies could conceivably be achieved by using
the short amplified pulses rather than the longer pulses generated in
the VUV lasers directly, With the variety of existing VUV lasers cur-
rently in existence, amplification in a large part of the spectrum
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between 100 and 200 nm can be covered in this manner,

Initial developrent of this system was carried out. Parametric
conversion of the 266.1 nm pulses was accomplished with about 107
efficiency, giving pulses of 10 mW which could be tuned throughout the

visible. This radiation was then mixed in Mg vapor to give pulses at
153.2 and 168.4 nm,

Several schemes were considered for further mixing to achieve even
shorter wavelengths, These are shown in Table 1, reproduced from NRL
Memo Report 3057. The cascaded approach outlined above has shown
indications of being a practical one for generation of short wavelength
radiation by frequency mixing. The improvement in conversion efficiency
in the second harmonic stages serves as an indication that cascaded
schemes are not inherently inefficient. With further work, similar
improvements in the downconversion and four-wave mixing efficiencies
are also to be expected. As a result, this approach can provide in-
tense radiation in the VUV for pumping third or higher order processes
which can be tuned to a multiphoton resonance of the nonlinear medium,
Amplification with a VUV laser holds the promise of providing power
levels of 10° W in the VUV. However, some question exists as to the
availability of the stored energy in the rare gas lasers for amplifying
single narrow lines. Sufficient information on the rate kinetics
of the amplifying medium does mot exist to determine the extent of this
limitation., Further study on this aspect of the problem is certainly

warrented in view of the potential for high power tunable coherent VUV
radiation which exists.

Work on this particular approach to coherent short wavelength
radiation has terminated at this point with the end of the program.
Further work was confined to higher order mixing from 266 nm directly
to the XUV. This work is described in the next section,

II. E. COHERENT RADIATION IN THE XUV VIA FIFTH AND SEVENTH ORDER
MIXING PROCESSES

As an alternative to successive cascading, the use of higher order
nonlinear processes to convert the 266.1 nm pulses to the VUV directly
has been considered. At the high intensities available in our VUV
pulses, such processes can be expected to produce usable radiation at
the output wavelength., A study of fifth and seventh order conversion
of 266.1 nm pulses in the rare gases has been made. Such conversion
schemes can be optimized either by optimizing possible resonant enhance-
ments or by optimizing phase matching properties, The experiments
repc-*2d here utilized each of these techriques, Fifth harmonic con-
version in neon was observed with the aid of a near four-photon
resonance between the pump radiation and the 3P[1%]J=2 level, where
the detuning was 12 cm ! (see Fig. 13). 1In helium, there are no useful
resonances. However, calculations show that helium is negatively
dispersive for this process, i.e., fifth harmonic generation. Thus
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optimization by tight focusing should be possible. 1In Ne, the generated
radiation lies in the ionizing continuum and absorption will limit
achievable conversion efficiency. In He, the radiation lies in a
transparent region of the spectrum, and as a result, higher conversion
efficiencies would be expected in helium, despite the lack of resonant
enhancement of the nonlinearity.

The generation of radiation at 53.2 nm by fifth harmonic conver-
sion was observed in both He and Ne. Details of these results are
given in a paper entitled, "Generation of Coherent Radiation at 53.2 nm
by Fifth Harmoric Generation," which is included in the Appendix.
Briefly, the 266.1 nm pump radiation was focused into a cell (Fig, 14)
containing the rare gas under study. The focus was at a gas-vacuum
interface maintained by differential pumping. The output radiation
was analyzed with a vacuum monochromator for intensity (using a photo-
multiplier) and wavelength (using Kodak 101-01 film). The spectrum
showed a single narrow spectral line at a wavelength of 53,2 nm, in good
agreement with the expected value of 53.225 nm (Fig. 15). The depend-
ence of the intensity of the generated radiation on the power level of
the pump radiation agreed with the expected fifth power law witf n ex-
perimental accuracy (Fig. 16), Two different focusing lenses we ‘e
used, a 10 cm lens, giving a spot size of 10 Em, a confocal parameter
of 2 mm and a peak intensity of 3 x 10'* W/cn®; and a 5 cm lens giving
a spot size of 5 um, a confocal parameter of 0.5 mm and a peak intensity
of about 10'® W/cm®, With the weaker focus, conversion levels in Ne
were higher than those in He even though the depth of the focus was
greater than the absorption length in Ne (0.7 mm at a pressure of 40
torr). With the tighter focus conversion increased in both gases, but
the increase in He was considerably greater, resulting in a 10-fold
increase in signal level over that observed with Ne with the 10 cm lens.
The highest conversion efficiency was estimated to be in the range of
10™® to 107°, giving pulse powers in the range of 1 KW.

Sonversion levels seem to be limited in Ne since breakdown is
evident at pressures below 40 torr for the 5 cm focus. No similar
limitation has yet been observed in He and further improvement should
be possible by matching the phase slippage due to the focus to an
initial offset in the dispersion of the gas, Calculations indicate
that in the absence of limiting effects such as breakdown, conversion
levels as high as 1% should be achievable, with pulse powers at 53.2 nm
of 10® W being possible. Fifth harmonic conversion has also been seen
in Ar at a conversion level similar to that in Ne.

In addition to odd harmonic generation, six-wave mixing processes
involving combinations of other laser harmonics can be used to generate
radiation ac other wavelengths in the XUV. As a demonstration of this
techniique, four photons at 266.1 nm were combined with one at 532. nm
to generate radiation at the . *“h harmonic of the original laser
(1.064 1) at 59.1 nm, Radiation it still shorter wavelengths can be
obtained by using higher order processes, To investigate this,
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radiation ac 38 nm was produced by seventh harmonic conversion of the
266.1 nm pulses in He (Fig. 17). 1In this case the generated radiation
lies in the ionizing continuum, although the absorption cross section
is only one-half of that in Ne for 53.2 nm radiation. The conversion
efficiency was considerably less than the fifth harmonic process, and
the signal levels‘'were in the noise of the photomultiplier detector.
Nevertheless, clear evidence of radiation at 38 nm by tuning the
spectrometer grating while recording signals with the photomultiplier
(Fig. 18) was obtained.

The results reported in this section demonstrate clearly that
nonlinear conversicn processes of higher order than third can be useful
in generating coherent radiation in the XUV region of the spectrum,
Further pursuit of this study seems justified in order to develop this
capability into a useful tool for tunable spectroscopy, short wavelength
photography, materials analysis, and plasma diagnostics. Our results
are due in large part to the quality of the laser radiation at 1,064 p
and 266 nm which is generated by the laser system developed and describ-
ed earlier in this program,

The erficiency of the conversion process depends not only on the
peak intensity of the beam in the focus, but also on the total power.
A beam of relatively low powe. which is focused to give comparable
intensity to a more intense source will have a shorter beam waist and
therefore a shorter interaction region in which conversion can take
place. The success of these experiments therefore depends strongly on
the development of a laser source with superb spatial and temporal
quality. This was accomplished in the eavly phases of this program,
In addition, the optimization of the sccond harmonic processes was
vital to provide sufficient total power in the UV pump pulses. Such a
capability (described in an earlier section of this report) has already
demonstrated its usefulness and should prove extremely valuable for
future research in this area.

III. ELECTRON-COLLISIONAL PUMPING
III. A. MODELING OF 3p-3s LASING SCHEMES
III. A.1, INTRODUCTION

The study of 3p-3s ion laser schemes was undertaken mainly because
of two imporcant features which made production of a short-wavelength
laser by this method seem feasible; (a) The scheme showed the possibili-
ty of quasi-cw lasing, (b) It represented an isoelectronic extrapolation
of lasers already existing in the visible and near UV}, Quasi-cw lasing
in the 3p-3s scheme is obtained as indicated in the diagram in Fig. 19.
Electron-collisional pumping from Zp to 3p is followed by 3p-3s lasing,
with the 3s lower laser level more rapidly depopulated by radiative
dipole decay to the 2p ground state, thereby maintaining the inversionm.
Lasing time is thus limited only by the time during which the required
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plasma conditions can be maintained. The effects of transitions to
and from other atomic levels in the same and in neighboring species on
the upper and lower laser level populations are taken into account in
the modeling when they are important. The purpose of the modeling was
to provide guidance and rationale in the understanding, selection,
operation, and interpretation of near-term laboratory experiments.

IITI. A.2, ANALYTICAL ESTIMATES

The 3p-3s scheme was originally treated with a simplified three-
level analytical model®, which indicated the feasibility of extrapolat-
ing successful near-9V schemes into the vacuum-UV region. Single-pass
amplification was predicted in a lacer-produced plasma of reasonable
length, pump power, and pump rise time, especially for plasmas of high
electron temperature. The analytical estimates were later extended®
to plasmas of higher densities where it was shown that inversion on
shorter wavelength transitions is attainable for highly stripped ions
of the carbon isoelectronic sequence.

III. A.3. TIME-DUPENDENT NUMERICAL MODELING

The 3p-3s scheme was first modeled numerically using a '"Hot Spot"
model* which used time-dependent rate equations to solve for the popu-
lations of relevant atomic levels on the assumption that the plasma is
pumped by a subnanosecond laser pulse. This code, which was well tested
by successfully modeling x-ray generation in laser plasmas®, neglects
plasma motion and assumes that densities and temperatures are spatially
homogeneous although the electron and ion temperatures change with time
due to energy balance., The hot spot code was applied to model the
doubly ionized oxygen ion (0 III) in order to compare itg predictions
with laser experiments® and initial analytical estimates for 3p-3s
lasing. The results of this modeling not only showed strong lasing in
the 3p-3s transition but also agreed with scaling laws predicted by the
f1alytical studies.

In an effort to model better the present short-wavelength laser
scheme, a time dependent code (named XRL-1) more suitable for the
modeling of x-ray lasers was developed. This rode provided detailed
output describing level populations and transitions between the levels
as a function of time and gave insight into the physical processes
important in obtaining population inversion. Specifically, it was de-
termined thet ionization and recombination affected the upper and lower
laser level] populations (mainly by depletion of the total lasing species
density) iu such a manner as to reduce the predicted value of the gain
by a factor of 2 to 5; nevertheless, a reasonable and observable gain
was predicted,

III. A.4. STEADY-STATE MODELING

The need to scan entire isoelectronic sequences to determine which
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ions would give the best gain for a given set of plasma conditions
required the development of a steady-state computer code which was
applied to carbon-like ions and a variety of rather high density plasmas
obtainable with present day technology. The steady-state code assumed
temporally and spatially constant densities and temperatures and includ-
ed all relevant collisional and radiative transitions (including impor-
tant radiative trapping effects). It should be noted that although the
modeling described here concentrates exclusively on six-electron ions,
the results are expected to be similar for all ions having at least one
outer 2p electron in the ground configuration from the boron-like to the

neon-like sequences,

This code and its results are described in detail in reference 7,
the full text of which is contained in the appendix of this report. The
code was sufficiently economical and uncomplicated to allow a large
array of elements and plasma conditions to be studied. Much insight
into the relative importance of the atomic processes resulting in or
inhibiting population inversion and some important scaling laws could
be gained by studying the output of this simplified code, The use of
the steady-state code was justified by the excellent agreement of its }
prelictions with more detailed time-independent codes*, analytical
estimates®»>3, and experiments®.

The results of these steady-state calculations indicate signifi-
cant gain products for 3p-3s ionic transitions in quasi-cw emission in
an amplified spontaneous emission mode, i.e., without a resonant
cavity, in an equilibrium plasma model. Such gain products may be
observed in high-density plasmas containing carbon-1like ions of atomic
number Z =~ 20 such as produced by laser irradiation of pellets or
electromagnetically driven high-density pinch devices. Even more
spectacular gain products are computed when the steady-state model is
run in a simulated transient mode by meintaining the population density
of the lasing species at one third of the total ion density rather than
a few percent which would exist under equilibrium conditions at high
temperatures. Some gain products computed for this '"transient' be- .
havior are graphed in Fig. 20, With enhanced electron temperatures '

e

g o e

typical of transient plasma heating, gains approaching saturation levels -8
are predicted. Therefore, vacuum UV lasing at wavelengths between 500 |
and 1000 A using existing high-density discharge devices appears prom- b
ising for a near-term proof of feasibility of lasing in plasmas at i
short wavelengths, k
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III. B. LASER-PLASMA INTERACTION EXPERIMENTS
III. B.l. INTRODUCTION

One potential method for demonstrating a short-wavelength laser is
to use electron collisional pumping of multiply ionized atoms. The
electron collisional pumping may be achieved by rapid heating of a
relatively cool but dense plasma with picosecond laser pulses. The
initial experimental efforts have been directed towards a basic physics
understanding of laser-plasma interactions in order to explore the pos-
sibility of enhanced plasma heating. Spectroscopic studies of laser-
produced plasmas have been made in order to determine plasma parameters
as a function of time and the ionic species produced. The results are
described in Section 2 below. The dual laser system and the experi-
mental results are described in Sections 3 and 4, respectively. It is
realized that the success of this approach is very much dependent on
the appropriate selection of a spatial location in the expanding plasma
where the picosecond (heating) laser pulse is to be focused. Therefore,
independent of a particular inversion atomic model, knowledge of the
spatial distribution of electron density and plasma expansion character-
istics in the initial plasma is vital for directing and synchronizing
the pumping laser pulse. Interferometric studies of the laser-produced
plasma have been made in an attempt to obtain such information, and the
results are described in Section 5.

III. B.2. SPECTROSCOPIC STUDY OF LASER~PRODUCED PLASMAS

The mode-locked Nd:YAG laser beam of 25 ps in pulse duration is
directed into a vacuum chamber (p < 10™* torr) and then focused onto
various slab targets (Na, Mg, Al and Si) using a 30 cm focal length
lens., The focal spot has an elliptical shape of 30 pm by 70 um and
the laser power density at the focus is estimated to be 10* W/en®,
X-ray pinhole images and spectra from plasmas produced by this power
density were measured. An expanding, x-ray emitting plasma (aluminum)
is photographed using a double-pinhole x-ray camera. Fig. 21 shows
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Fig. 21 — Pinhole x-ray photographs taken simultaneously with two different
absorbers to detect the x-ray energies indicated in keV
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microdensitometer scans (showing density contour) of such x-ray photo-
graphs taken simultaneously, one through 0.5 mil and the other through
1.5 mil beryllium absorbers. The size of the initial hot plasma is
estimated to be 50 um in diameter.

The plasma radiation is spectrally analyzed using a flat Rubidium
Acid Phthalate (RAP) crystal (2d = 26.121 f) and the spectra are re-
corded on No Screen medical x-ray film through 12 um beryllium foil to
protect the film from visible radiation. Although the potential lasing
wavelengths conceivable with the laser power density available here
would lie well above 100 A, the spectral region of 5 A - 12 A is rela-
tively clear of line radiation, and consequently more convenient for
line identification. Figs. 22 through 25 indicate microdensitometer
scans of the x-ray spectra thus obtained from Na-, Mg-, Al-, and Si-
plasmas, respectively. All four spectra show very strong 1s2p-ls
resonance transition lines and the other Rydberg series lines of He-like
ion species, i.e., Na X, Mg XI, Al XII, and Si XIII. Free-to-bound re-
combination edges are also seen at the series limits. For Na-, Mg-, and
Al-plasmas, even H-like (Na XI, Mg i{II, and Al XIII) Lyman-o lines
appear, decreasing in intensity with increasing atomic number, But the
trend is reversed for blends of long wavelength satellite lines of the
He-like resonance line, 1s242p-1s2f4. This is understandable in view
that when the laser-heated plasma temperature is high enough to ionize
up to H-like ion species for lower Z atoms, the temperatuve is too
high for Li-like ion species to be highly populated (Lurn cut).

Assuming that the electron density does not exceed the critical
value (= 1071 cm™®) for laser light penetration, the high stages of
ionization observed with such a short heating pulse are difficult to
understand using a thermal model of the plasma, because the thermal
ionization time required is longer than the laser pulse. The situation
here may be explained however using a spherical 'hot spot" model,

This numerical model assumes a stationary, uniform plasma sphere at the
laser focus (neglecting magnetohydrodynamic plasma motion during the
time of interest) and also assumes that the major plasma cooling is by
radiative and thermal-conductive mechanisms. It is also assumed that
the laser light is absorbed in a small volume of ~107® cm™® pre-
dominantly through the process of inverse bremsstrahlung, and its
energy is deposited directly as thermal energy into the electron gas.
The electrons then share their energy with the ions through collisions
that heat, excite, and ionize the ions. The excitation and subsequent
radiative decay of the hydrogen-like and helium-like ionization stages
are modeled in some detail to allow computétion of the K-like (np-ls,
n =2 2) emission spectrum that is observed in the laser-heated plasma.
Fig. 26 indicates the computed electron and ion temperatures as a
function of time for Al-plasma. One notes that a large Te/Ti with
kTg ~ 1 keV exists for an initial time period of ~ 50 ps. The tempo-
rary non-equilibrium situation which exists here is desirable, because
the high T, is most effective in producing a high inversion, whereas

a lower Ty reduces the Doppler linewidth — both effects increasing
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Fig. 24 — X-ray spectrum taken with Af-target
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any gain. Fig. 27 shows ground population densities of Al XI, Al XII,
Al XIII, and Al XIV, where the populations of electrons and Al XII are
nearly constant due to the assumptions made. Li-like Al XI, however,
dips sharply after a peak due to the burn-out and then gradually in-
creases, caused mainly by the recombination of Al XII ions. Time-
resolved gower densities of line radiation duve to Al XII 1s®-1s2p,

Al XII 1s°-1s3p, and H-like Al XI1II 1s-2p transitions are shown in
Fig. 28 and a time integrated K-x-ray spectrum of Al XIT and Al XIII
ions is compared with that of the experimentally obtained spectrum in
Fig. 2%. 'The experimental points are relative values with arbitrary
units and are normalized to the computed value of the 1s®-1s4p line
overall agreement is good between the two; however, a definite tendency
towards lower experimental values in 1s°-1s3p, 1s®-1s2p, is noted.
This discrepancy is interpreted to be due to the fact that these lines
may be optically thick, an effect not yet included in the numerical

model.
|

"he spectral features ohserved so far indicate that the plasma
electrons are heated to a temperature somewhere between 300-600 eV.
However, precise temperature measurement is essential for further in-
vestigation, This will be done using two approaches, i.e., from the
jntensity ratio of He-like 1s®-1s2p to H-like 1s-2p resonance lines
and by using the x-ray absorption method. The latter technique may
also be used to obtain the bremsstrahlung profile of the plasma,

The original experimental scheme proposed is to make a line focus
on a slab target so that a cylindrical expanding plasma is formed.
This plasma is subsequently heated and pumped by an axial laser beam of
short pulse duration. Detailed plasma diagnostics and spectroscopic
study in the two-laser-beam operation will be made using low-Z targets. ;
The spectroscopic study will be extended to the vacuum UV region where
3p-3s lasing is likely to occur.

1II. B.3. DUAL PULSE LASER SYSTEM f

A dual pulse laser system was developed under this program both as
a tool to study the properties of laser-produced plasmas and as a

pumping source for the two-pulse laser heating experiments. The laser £
system consisted of a mode-1locked Nd:YAG laser and a Q-switched Nd:YAG E
glass laser which were synchronized by a technique developed under the |
program, The details of the design of the individual lasers as well as i
the synchronizing system have been given in previous semiannual tech- L
nical reports. The salient features of this system are 1) a single |
mode-locked pulse at 1.06 p of 30 psec duration and containing up to

200 mJ of energy, 2) a Q-switched pulse variable in duration from }
1 nsec to 10 nsec at a peak power of 1 GW, and 3) synchronization be-

tween these two pulses ' tth a jitter time of + 120 psec. This is the
first time two independently pulsed lasers have been synchronized with E

this degree of accuracy.
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III. B.4. DUAL-LASER EXPERIMENT

The dual-laser experimental concept is shown schematically in
Fig. 30 and has been discussed in previous semiannual reports and else-
where recently'»®, The basic idea is to prepare a suitable plasma ion
environment with a laser-target combination, and to subsequently pump a
population inversion on the ions with a very fast rising second laser
pulse. At its present stage of development it consists of a plasma
generated by point focusing a 2,0 J Q-switched glass laser pulse onto a
magnesium slab target, and injection of a synchronized mode-locked 25 ps
150 mJ Nd:YAG laser into the Mg-plasma after a certain delay time. The
properties of the state-of-the~art laser system are summarized in the
previous section. The initial laser beam is focused with a 30 cm focal
length, f£/15 lens and the focal spot size is measured using a silicon
diode array, yielding the results shown in Fig. 31, First observations
have been directed towards detection of enhanced emission indicating
increased electron heating with the short-pulse laser and associated
enhanced pumping.

’

Meanwhile, the ionic composition of the expanding plasma as well as
the temperature can be appreciated using x-ray photography and spec-
troscopy. Figs.32a and 32b illustrate images of the x-ray emitting
initial plasma obtained, respectively, with a 50 um pinhole and through
a bundle of 5 cm long metallic tubes (i.d, = 400 pm), both of which
recorded x-ray photons of 1 to 1.5 keV. While the former shows only
the most intense X-ray emitting region (~ 250 um) in the vicinity of
the target; the latter also records rather faint x-rays originating
from tenuous expanding plasma which extends as far as 1 mm along the
target and 1.8 mm away from the target. A peak electron temperature
of the Mg-plasma produced by the Q-switched glass laser may be estimat-
ed*s>® from the line intensity ratio of H-like Mg XII 2p-ls to He-like
Mg XI 1s2p-ls® lines, assuming a coronal model. The X-ray spectrum is
obtained using a flat RAP (2d = 26,121 ) analyzing crystal and a
microdensitometer scan of the spectrum obtain is shown in Fig, 33,

The main line features in the spectrum are those which arise from He-
like Mg XI and Li-like Mg X ions. The spectrum is typical* of a plasma
where the electron temperature is about 100 eV. 1In this arrangement
the spectral line width is determined by the size of the radiating
source (~ 250 pm),

A possible ionic inversion scheme involves lasing on 3p-3s transi-
tions following pumping from 2p levels and final rapid depopulation from
3s-2p. This is a proven transition in the near ultraviolet, and extra-
polation to the vacuum UV region has been described in previous semi-
annual reports and elsewhere®, Recent advances in numerical modeling
of this scheme for ions in the carbon isoelectronic sequence are des-
cribed in Section V,A. This is a possible quasi-stationary inversion
scheme, and the first stage will be to seek evidence of population in-
version, since significant gain will require absorption of considerable
pumping energy. For ascertaining the existence of an inverte- popula-
tion density between 3p and 3s levels, measurements of 3p-3s and 3s2p
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Fig. 30 — Schematic of experiment designed to verify gain on
transitions pumped by electron collisions in a plasma
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CALIBRATION MEASUREMENT
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Fig. 34 — Transitions involved in determining the population inversion
ratio N3p/N3S fromn relative line intensities, using branching transitions
shown from the 3d level for in {rumental calibration.
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J
lines will be made, with the latte- occurring at about 1/10 the wave- T
length of the former. In order to .ridge this gap in instrument sensi-
tivity, the 3d-3p and 3d-2p nearby pairs of lines will also be measured
for a branching ratio calibration, since they originate from the same
upper level. This approach is indicated in Fig. 34,

The ion chosen for initial studies is Mg6+ (Mg VIII). The expected
wavelength of the 2p3s °P lasing line has been determined by extrapolat-
ing the known wave numbers in the CI isoelectronic sequence for carbon }
through neon. Fig. 35 shows the plot of wave numbers for the carbon-
like ionic species (up to Ar XIII), and one sees that the wavelength ]
for Mg VII falls at 1625 £ 10 A, A l-meter normal-incidence vacuum UV
spectrometer with a 1,200 lines-per-millimeter ruled grating (blazed at
1200 1) has been set up for the spectroscopic analysis, and the target
chamber is mounted directly on the front of the entrance slit assembly. !
The distance between the target focal spot to the entrance slit is 11 cm, h
Fig. 36 shows a microdensitometer scan of a typical time-integrated
spectrum in the region of 1400 to 1800 R, taken with a 20 shot (Q-
switched glass laser only) exposure, The Mg-target used in this partic-
ular exposure contained aluminum and carbon as impurities; the A/ZII
3e3p 'p - 3s° 'S 1line at 1670.8 k and the CIV 2p °P - 2s ®S doublets at
1550.8 A and 1548.2 A providing excellent references., Some of the lines
identified so far are listed in Table 2. The spectrum consists of
mostly lines arising from Mg IV and Mg III ions in this spectral range;
however, it is conceivable that some of the unidentified lines are
those which originate from Mg ions of higher stages of ionization. For
example, a weak line at 1625 A may be the Mg VII (2p3p °D - 2p3s °p)
transition as predicted., The shorter wavelength 3s-2p (and 3d-2p) lines
for Mg VII require grazing incidence spectroscopy. Preliminary space- %
resolved measurements on a separate system (charge transfer experiment |
described in Section IIT) indicate the presence and resolution of
these lines in magnesium.
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III. B.5. INTERFEROMETRIC STUDY f
|

The lasing scheme also requires a rather careful selection of the _
time-when, and the location-in the expanding plasma where the second F

(plasma heating) laser pulse is injected. This restriction results
from a combination of a maximum electron density (depending on the

by e e S

element) above which the level coupling becomes collision dominated Y
and, perhaps more importantly, on a sufficiently high density t» absorb ?
the pump radiation from the short-pulse laser in a finite plasma length. !
The last condition implies densities approaching the '"critical"” value, h
E It is therefore essential to have detailed information on the charac- g
] teristics of the expanding plasma, including the electron density pro- A
] file as a function of time. Unfortunately, no previous work in this :

direction has been made, particularly for the case of the line focus,
The dual-pulse laser system was used for interferometric studies of

: laser-produced plasmas in order to obtain such experimental data. The
3 interferometer probe was don€ with the second harmonic of the mode-

: locked laser pulses, providing spatial resolution of 15 um and temporal
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TABLE 2

Extrapolation of lasing Transitions on Carbon-Like Ions,

64

ION SPECIES in b CONFIGURAT ION
Mg III 1738.8 2p53p 3D - 5p5 3d 3F
Mg IV 1736.8 2p435 2P = 2p4 3p 28
AL 11 1725 5 5
(1721 2‘, 38 3P "p - 35 3d "D
AL 11 )1721 3
A0 1T 1670.8 3% 1s - 35 3p v
3 3
Mg V11 1625 ? 2p 3s 7P - 2p 3p D
2 2

Al 111 1611.9 3p P - 3d D
Mg IV 1611.2 ,

: 2p+ 3s 2D - 2p4 3p 2D
Mg TV le07.1)
Mg 111 1586.2 | 205 3p 35 - 2p° 30 Op
Mg 1T1 1572.7 |
C1v 1550.8 ( 25 25 . 2 2,
CTV 1548.2

"

Mg IV 1470.8 2p4 3p P - 2p4 3a 2p
Mg [V 1459.6 2p4 3s Z‘P - 2p4 3p 4S
Mg IV 1437.5 2pé+ 3p 2D - 2p£+ 3d 21"
Mg 1V 1409 p

( 2p£+ 3p 2F - 2p+ 3d 2(}
Mg 1V 1404.7’
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resolution of 30 psec. Because the picosecond pulse was synchronized Il
with a longer Q-switched pulse which was used to generate the plasma,

the plasma could be studied interferometrically during its heating,

expansion, and cooling phases. Interferometer studies were made for

several different Q-switch pulse durations and target materials. The

expansion properties of plasmas created with a line focus were also

investigated.

Observation of the expansion characteristics of the plasmas showed
a rapid expansion with a velocity of ~ 4 ¥ 107 cm/sec during the heat-
ing pulse, followed by a slower expansion and recession in some in-
stances after the end of the heating pulse. The initial expansion !
velocity was found to be independent of target material and did not
change significantly as the laser intensity was varied over two orders
of magnitude, Spreading of the plasma along the t~rget surface was
observed in a pattern similar to the current distribution recently in- l}
ferred by Drouet and Péping. The patterns observed here suggest a dis- :
tortion of the current paths in the plasma resulting in a lowered
inductance,

Expausion characteristics of a plasma from a line focus were

compared with those from a point focus, The plasmas generated fror

the line focus have the same initial expansion velocity as those from

the point focus. The elongated nature of the line focus is retained in .

the plasma during and after the heating pulse, although transver:e ex- '

pansion of the short dimension is somewhat faster than that of the long

dimension. 1In general, the plasmas thus produced appear to remain

uniform and free of instability on the scale of 15 um for the range of |

time delays which were used. §
?

Electron density profiles were determined ior the plasmas generated
from the line focus at several times during and after the heating pulse,
The electron density distribution was found to decay exponentially away b
from the target at all times, while the scale length increases at later a
times, Density gradients up to 10°! cm™3/cm are observed at distances |
of the order of 100 um from the target. Extrapolation of the measure- i
ments shows that the density distribution must rise faster in the vicini-
ty of the target than exjonentially, if the critical density is to be
reached in front of the original target surface,

Comparison of the plasma expansion from a polyethylene target with
that from tite heavier metallic target shows an identical expansion
velocity, but no tendency for the expansion to slow down after the !
heating pulse ends. (More experimental details are contained in the k
previous semiannual technical report [NRL Memo Report 3241]).

i

III. B.6. CONCLUSION

| A 30 ps, 150 mJ Nd:YAG laser pulse is capable of producing a rapid- !
| ly heated plasma of 300-600 eV when focusel onto a slab target. The
| physical mechanism involved is primarily inverse bremsstrahlung heating. I
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Strong 2p-ls transition lines arising from the He-like Al XII and

Si XIII ions and the H-like Na XI and Mg XII ions are observed with the
approprlata targets. A numerical model (hot-spot model) has been used
in conjunction with these experiments to study the time variation of
ion and electron temperatures and the ionic population densities,

The results indicate a non-thermal equilibrium state in the early phase
of the plasma expansion.

In the dual-laser experiments, possible 3p-3s lasing lines of the
carbon-like Mg VII ion in the expected spectral region with and without
the heating laser pulse injection have been surveyed. The results show
neither detectable enhancement of these lines nor any detectable
heating of the plasma. This indicates the heating pulse is not effec-
tively absorbed by the plasma. The interferometric study of the ex-
panding plasma produced at either point or line foci of the ninosecond
glass laser beam revealed a detailed picture of time-evolving elzctron
density profile and other expansion characteristics, (Cbservation of
the critical density surface was not possible due to a severe refraction
of the nrobing laser pulse at the region of high electron density
gradient. The critical density layer probably remains within a distance
much less than 10 um from the target surface. Observation of the plasma
in this region would require the use of a probe beam with a shorter
wavelength than the one used here. It is clear that the heating puise
at 1.06 ym in the dual-pulse experiment will not interact with the
plasma at the critical density where energy absorption should be most
efficient.

The interferometric studies also showed quite clearly that with a
line focus the region of high density of interest for these experiments
was extremely narrow (< 1 um) and further, that this region tended not
tc be linear. These results indicate that the picosecond heating of a
preexisting line focus laser plasma approach would be extremely diffi-
cult at best, if not impossible.

A second approach to the problem is to use a single laser pulse
for both creation and heating of the plasma, A simple estimation
indicates that probably a laser pulse of 10 watt or greater may be
necessary in order to have meaningful amplification in the elongated
laser-plasma medium. Such a laser system is equivalent to or greater
in power than most existing fusion research laser facilities.

These results have lead to a change in approach for producing the
required plasma. Laser heating has been abandoned in favor of more
conventional plasma pinch technology. This modified approach is des-
cribed in the next section.
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ITI. C. HYPOCYLOIDAL PINCH DEVICE
Referring to Fig. 20, at lower Z, the two longer wavelength

curves pertain tc the lower densities and larger diameters more typical
of electromagnetically driven pinch devices. The efficiencies of such
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de' ices are in the percent range in contrast to laser-produced plasmas
(tenths of percent at high temperatures) and make direct use of capac-
itive energy storage systems in the 10's of kJ to mJ ranges with exist-
ing and reliable technology. It thus seems prudent to pursue the
near-term goals of electron collisionally pumped vacuum-UV lasers below
1000 A with a suitable electrically driven plasma pinch device. For-
tunately, a device has just recently been developed® at NASA Langley
and Vanderbilt University that appears ideal for this application.

The device is shown schematically in Fig, 37, It is a cylindrically
symmetrical version of the well-known plasma focus principle, in which
the plasma implodes radially (inverse pinch) to form a high-density
(reportedly » 10'°® cm™®) high-temperature (~ 1500 eV) plasma on axis

in a cylindrical (mm's in diameter, cm's in length) configuration
desirable for lasing. The hypocycloidal current configuration original-
ly inspirel the name for this device,

A duplicate of the NASA/Vanderbilt successful device has been
built for NRL (Figs. 37 and 38), and the first experiments are planned
with an argon filling for lasing near 900 A as indicated in Fig. 20,
Actually, various ions in such as boron-like through necn-like should
span the 800-1000 A region, and accurate calculations are underway
through the courtesy and cooperation of Dr, R, D, Cowan of Los Alamos
Scientific Laboratory. The required temperature of ~ 600 eV for argon
is quite realistic for this device. Amplification will be verified by
orthogonal axial and radial spectroscopic simultaneous measurements
with two normal incidence vacuum-UV spectrometers.

Work on this approach, i.e., 3p-3s lasing using a plasma pinch
device for plasma heating, is continuing despite the termination of
this ARPA program. The work is being supported by NRL.
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IV. RESONANT CHARGE TRANSFER PUMPIXG

The resonant charge transfer process® for populating excited states
of ions was chosen for investigation as a possible x-ray laser pumping
mechanism for several reasons: (a) the cross section is orders of
magnitude higher than other processes, (b) the process is selective for
certain excited states of ions, (c) it is the one process identified
for which the pumping rate coefficiert actually increases® at shorter
wavelength (A" ), While total cross section experimental data are
available for this process, the final excited states populated .ave not
been measured in classical cross beam experiments.
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Capacitor

HYPOCYCLOIDAL PINCH

Fi#, 37 — Schematic of radially driven focused plasma pinch device invented by
Lee, McFarland and Holil (Ref. 8). The geometry is cylindrically symmetrical with
the dise cathodes showr: scparated by approximately 6 em. Note that both ends
are conveniently accessitle for injection and observation.
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Fig. 38 — Photograph of the assembled hypocycloidal pinch deviee constructed
for NRL. Two of the cables are shown connected in this photograph.
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The resonance charge transfer process proceeds most efficiently
by ion/atom interactions. For net gain at short wavelengths, a high i
density of i.teracting particles is required, although again due to the
favorable wavelength scaling and magnitude of the rate, the densituies
required are orders of magnitude less than for other processes at short
wavelengthsl’g. The plasma dynamic theory required for predicting
particle densities in the ion/atom interaction zone is formidable com-
pared to the experiment envisioned, so that an experimental search for
evidence of resonance charge transfer pumping was undertaken. However,
some classical Landau-Zener calculations were carried out® ® to predict |
the energy levels expected to be preferentially populated for a thermal [
plasma, with the results indicating n=3-4 most favorable with n=2 and 5
possibilities. Again, the process is ion-velocity sensitive and these
predicted levels can be expected to deviate for any significant non-
thermal distributions.

The conceptually simple experimentg’a’E is illustrated in Fig. 39.
Tavrgets of carbon, boron and nitrogen were irradiated® by a laser beam
with power up to 400 MW (8 J, 20 ns) in a point focus, and spectra of
one- and two-electron ions were observed with a grazing incidence
spectrograph”»®. The line emission was spatially resolved along an
axis normal to the target by the addition of a second orthogonal slot
.s shown in Fig.39 . Initial observations (phase one) with this laser
and a point focus were intended to gather evidence of preferential
level population from the observation of anomalously intense spectral
lines in the resonance series (from transitions originating on the
pumped levels). These experiments were to be followed by a line focus _
series in a later phase of the program, using the large NRL terrawatt
laser facility. %

i The first experiments were performed with expansion into a vacuum
environment, and the decay of the spectral line emission and width with
distance from the target was recorded”»®., The relative intensities of
the resrnance series lines was found to be normal except very close to
the ta get where self absorption of the strongest members was observed, B
as war to be expected. |

e

The addition of a gaseous atmosphere in the pressure range of
1-10 torr (significant absorption occurred at higher pressures for the
longer wavelengths) required the addition of gas puffing apparatus and .
5 special valves for isolating and back-flushing the entrance slit of the
; spectrograph to eliminate clogging by debris. When this was accomplish-
ed, both visible and soft x-ray spectra revealed a distinct zone of
enhanced density and illumination centered up to 1 cm from the target
surface® and not present on the spectra obtained with expansion into a
vacuum environment’*®, The distance of this zone from the target was
‘ found to be directly related to the laser power and inversely related
] to the gas pressure. It was present with carbon as well as boron nitride h
targets® and gases of hydrogen, helium, neon and argon. The electron
density increased to ~ 107 cm™® in the center of this zone before
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Fig. 39 — Schematic diagram of the NRL resonance charge transfer experiment, including
the grazing incidence vacuum spectrograph. The horizontal slot provides spatial reso-
lution along the direction of plasma expansion from the target surface. Rotation of the
lens permits both axial and radial viewing. The background (atomic) gas is not indicated.
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decreasing again further out; this was estimated from the Stark broaden-
ing of HeII and CIII spectral lines in the visible region. From visible
time-integrated photographs it has been determined that this zone of
enhancement is arc-shaped radially from the point of target irradiation
— and possibly initiated at a particular velocity yet to be ascertained.
The particular levels populated may be associated with a nonthermal
radial ion velocity component not uncommon to such plasmas; such may be
determined from time- and space-resolved spectroscopic measurements.

Distinct features in the CV (helium-like two-electron ion) reso-
nance series spectra were enhanced emissions from the third and fourth
members originating on n=4 and 5 levels when a helium background gas
was present, as shown in Fig. 40 . This only was observed in the outer
regions of the interaction zone, near 1.5 cm from the target when the
helium pressure was 1 torr. It also was present at a pressure of 5
torr, from data obtained so far. This indicates that indeed there exists
an enhanced ielative population of these two particular levels in the
region of enhanced conditions asscciated with the presence of helium.
Preferred population by resonance chorge transfer is suggested as a
possible electron capture mechanism favoring these levels, and this
explanation would be consistent with the apparent velocity selective
nature of the distinct zone of enhancement for the helium atmosphere
experiments. However, other mechanisms (e.g., dielectronic capture and
collisional recombination followed by cascade) cannot yet be ruled out
without further parametric studies. Clearly, however, the goal of the
first phase of this experiment, namely to identify a region of inter-
action and evidence of preferential level population has been fulfilled
and the milestone reached on schedule.

Alttough this program has been terminated, the charge transfer
work will continue at NRL under sponsorship of NRL and ERDA. The goals
will be changed in order to address the problems of interest to ERDA,
i.e., the physics of charge transfer between hydrogen and heavy ions
in environments typical of magnetic fusion.
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V. TRAVELING-WAVE PUMPED VUV LASERS
V. A, TINTRODUCTION

The concept of traveling wave (or swept gain) excitation, when
coupled to low inductance flat-plate Blumlein discharge circuitry,
produces a unique technological advantage for excitation of vacuum
ultraviolet laser transitions. This concent, originated by Shipman
at the Naval Research laboratory, has beer utilized to produce high-
power amplified superfluorescent emission from atoms, molecules, ions
and excimers covering the wavelength region from 6000 f to 1161 £.

In addition, it is likely that numerous infrared laser lines were
simultaneously produced, but these were not studied.

The concept of traveling-wave excitation becomes vital for genera-
tion of real gain below 1000 k. Scully has given the concept its first
theoretical treatment terming it '"swept-gain' and has shown the effects
of gain on the emission characteristics. Some of these characteristics
have been observed in our laboratory (see previous semiannual technical
report, NRL Memo Report 3241), but the need for a more exhaustive ex-
perimental investigation is required. The concepts of laser lethargy,
pulse narrowing, and the group velocity of a pulse in a uniformly or
non-uniformly inverted amplifying medium are important for short-
wavelength lasers.

V. B. MOLECUIAR AND ION LASER RESEARCH

The apparatus used to produce traveling-wave excitation is describ-
ed in publications on the hydrogen laser* ® and vacuum ultraviolet CO
laser emission’ . This system needs no further description except to
point out that the present technology for producing high-quality
traveling-wave discharges is not yet suitable for high repetition rates.
At relatively long wavelengths (> 2000 £y some sacrifice in risetime and
uniformity to simplify construction and increase the repetition rate
can be tolerated without loss of performance, but at shorter wavelengths
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these qualities cannot be sacrificed without serious lo~s of output

power.

The traveling-wave system produced a bit of gserendipity also. It

was found that at low pressures in the presence of rare gas backgrounds 1
that carbon atoms, probably from the (Co K )n insulator on which the ’
electrodes rested, were being jonized (C+B or CIV)and excited to give
superfluorescenc= at 1550 8, Efforts to understand the mechanism of

the inversion have not been successful. The carbon lines which would
yield jinformation on the inversion process 1ie too far into the VUV to

be observed with a normal incidence spectrograph. possible mechanisms

for inverting the 2p-2s resonance lines observed to be 1asing are based

on transient events only. One possible mechanism requires that excita- .
tion take place fiom the ground state of the atom or lower stage of
ionization directly to the excited state of the ion. This is not 3
phenomenon new to lasers. Bennett proposed this direct excitation

process and showed that it was most probable with rapid excitation .

In an experiment quite gimilar to this CIV lasing experiment, Norton

and Woodiné° have generated these stages of ionization in carbon by
surface discharge across (C H)p and propose that these stages of
jonization will be collisionally velocity selected with excited species

of each ion having greater velocity than the ground state of that jon
stage, i.e., CIV(2p) has greater velocity than CIV(2s). This creates a
region of predominantly CIV(2p) which can amplify a spontaneously

emitted photon without the resonance absorption present when CIV(28)

ions are present. This explanation would be ideally suited for traveling-
wave excitation which would reduce the inversion density required for
threshold by two orders of magnitude. The exploitation of ions in the
vacuum ultraviolet has hardly begun. There is no reagon vhy many lasers
should not be produced from ions in this spectral region. The process
«@ill not likely be very efficient, because the quantum efficiency will

be very low and rapid excitation still will be required. Further work

is required to understand the inversion mechanism of ion lasers and to
exploit new ion lasers in the yuv/x-ray region. The concept of

"yelocity selection' 1is especially important anu could ease short-
wavelength laser development if it can be produced.

V. C. RARE-GAS HALIDE EXCIMER LASER RESEARCH
The new class of laser species - excimers - of fers several ad-
vantages for operation in the vacuum ultraviolet: 1) they exist as
molecules only in the excited state and are not self-terminating;
2) they have a broad emission bandwidth and offer some tunability; and
3) they offer the possibility of high efficiency and high power. These
quasi molecules can be discharge pumped by Blumlein systems and may
make ideal amplifiers for low-level pulses f~om the nonlineat mixing
upconversion processes discussed previously. Numerous transitions in
the vacuum ultraviolet have been suggested as possible laser candidates
Iy Ewing and Brad'. Table 3 ghows some of these candidates and an
es-imate of the wavelength at which lasing might be expected.
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TABLE 3

Excimer l&él Observed
Xe 1 2560 yes
Xe Br 2920 yes i
Xe C1 3240 yes
Xe F 3860 yes
Kr I 1850 no¥
Kr Br 2030 yes*
Kr C1 2190 yes
Kr F 2560 yes
Ar Br 1610 no*
Ar C1 1720 yes*
Ar F 2670 yes
Ne F 1070 no*

%Indicates this report contains new results on these
excimers

The rare-gas halide excimers

have a definite attraction both as

amplifiers for upconverted signals and as direct sources. The traveling-
wave Blumlein system was modified to take higher pressures aud to

excite larger gas volumes in a more uniform discharge free from arcs.
These modifications worked sufficiently well to generate lasing in Xe F,
vr F, Kr C1, and Ar F (see Fig. 4 1). These gases had been shown to

lause previously and were investigated only to provide an indication of
how well the system would operate. Details of the operation are pro-
vided in the preprint12 of the report (see Appendix) of the successful
production of Ar Cl laser emission at 1750 %. similar operation of

the system with a few Torr of Br generated lasing in Kr Br at 2065 A.
(see Fig. 42), but no success was obtained with Ar Br. T~ should be
pointed oul that all of the laser emission observed was without reso-
nators, i.z., superfluorescent emission. Considerable improvement
would be expected if a resonant cavity was used, and it may make lasing
occur in Ar Br. The same might be said for Kr I and Ne F, which also
did not lase. 1In the case of Kr I it was further hindered by the diffi-
culty of waintaining a sufficient Iodine vapor pressure inside the laser
chamber. Nd F was probably hindered by the poor transmittance of LiF
windows in the 1000 ! region. .,ome data were taken without LiF windows,
but other difficulties in operating the system with a He purged spec-
tograph may be responsible for the lack of lasing. In summary, all of
the rare-gas halide combinations which did not lase might be made to do
so if the experimental conditions could have been improved.
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In an initial attempt to utilize the rare-gas halide lusers as
pumps to produce tunable laser radiation, Ar F was used to pump I»
vapor. This idea was proposed by Murray and Powell at the Third
Colloquium on Electronic Transition Lasers'® and follows earlier ex-
periments by Byer'* in which 5320 ! radiation was used to pump the B-X
transitions in I producing many laser lines in the 5400 L-1.34
region. In this case an Ar r pulse (at 1930 A) wag focused into Ip
vapor (~ 100 M Torr) in front of a one-meter vacuum spectrograph., The
1930 A radiation populates the D state of I, and inversion exists on
D-X transitions where the upper vibrational levels of the X states are
the lower laser levels. Emission in the 2000-7700 K region results
(see Fig. 43 ). At present the evidence of lasing is the narrow beam
of emission falling on the spectrograph slit. It should be easy to
produce a cavity laser using a grating for tuning by using a cylindri-
cal lens for pumping. This is an extremely clean method of pumping,
and it produces wavelengths of importance in photochemistry.

Another application involves the use of rare-gas halide lasers as
pumps for rare-earth doped crystals in a manner similar to that suggest-
ed by Yang'® for Hy laser pumping. The Ar Cl laser lines observed
could be a possible pumping source for some doped-crystal tunable
lasers, but the attainment of lasing in Ar Br may be an exact match to
the trifluoride crystals already studied.

In summary, the discharge laser research conducted on this contract
has resulted in new lasers in the vacuum ultraviolet which fill needs

in other areas of research and which contribute to the understanding of
principles and techniques required for the realization of #n x-ray laser.
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VI. MISCELLANEOUS ANALYSES

A vital part of this prog:am was the systemacic analyses of a
number of proposed pumping schemes based upon availavle atomic and
ionic data. The putpose was to provide directiorn to the experimental
program. Indeed, it was a direct result of such searching that the
favorable electron collisional pumping of 3p-3s quasi-cw inversions
(described above) was identified and now putsued actively at a number
of laboratories in the U.S. and abroad, including the Soviet Union,

Considerable analysis was carried out on the photoionization of
K-shell electrons, and the resulting inversion on K-alpha transitions
at very short wavelengths, which may be assured by ion-line shifting
compared to the absorbiug K-alpha line's®. This is basically a self-
terminating laser scheme, limited in inversion intervals by recombina-
tion rates. New gains were predicted and the fundamental limit=zuion
was identified to be photoionization losses to the beam due to outer
valence electrons. Intense, well-tuned pump sources are required.

As more and more innershell processes were included in the considera-
tions for this approach, it became increasingly difficult to envision

a first generation x-ray laser evolving f >m such a complex system.
Detailed rate equation numerical analysc 3imilar to those successfully
developed for the 3p-3s outershell scheme wc.'d be extremely complex
aud the processes quite uncertain. Therefore this approach was not
followed experimentally but may be reconsidered at some future time,
particularly it a method is developed for efficiently transferring
intense x-radiation to small linear targets in very short bursts.,

Some numerical modeling' was also carried out for photoionization
of alkalis such as sodium. The modeling was on a tire-resolved basis
both with an cxploding wire pump source and a traveling-wave device.

It has been suggested that the absorption of intense line radiation
by overlapping lines of other species may be an efficient way of pumping

particular upper laser levels preferentiallyS'E. Some very attractive
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and important aspects of this approach are: (a) lasing occurs in a
single species and is thus regenerative, so that cw operation is
possible, (b) no Auger energy losses are present as valence electrons
are pumped, (c) photoionization losses can be avoided, (d) the intense
resonance lines appropriate for pumping are generally well identified
and the transitions understood, (e) some line overlapping is recurrent
{ so that extrapolations to shorter wavelengths may be possible, and }
(f) hybrid schemes incorporating the best features of photo- and electron- :
collisional excitation may be combined. Some necessary requirements of 1
this approach are: (a) very close overlap of the pumping and the
pumped transition is required for efficient coupling. When not so {
close, both Stark and opacity broadening have been suggested., These
usually lead to very high densities (NlOa2 cm™® typically) and/or i
thick plasmas, with many particles required to be heated and large L
rump energy inputs required. Also, (b) as with photoionization pump-
ing, the coupling between the pump and the pumped regions must be good,
and ideally the two species should coexist in the same plasma. This
requires very close Z's or at least ionization potentials. Since an
intense blackbody pump source is required, (c) Fydrogenic jon reso-
nance lines are often considered as are helium-like lines. These
as well as neon-like ions are also desirable (for pulsed plasma devices)
sinca tiey tend to have extendrd lifetimes associated with increased
ionization potentials.

In consjidering and analyzing the photoexcitation pumping approach, i
two particular schemes were analyzed and the details are included in ﬁ

a paper entitled "Resonant Photoexcitation Pumping in Hydrogenic Ions,"
which is included in Appendix A. The first ions considered were
hydrogenic, where a '"matural" overlap in wavelength occurs between an
n=2 to n=1 Lyman-Q pump line from an ion of nuclear charge Z and an
n=2 tc n=4 absorption line for a 2Z ion. This is a hybrid (or '"photon
assist") scheme, where the n=2 level of the lasant is pumped by electron
collisions (which complicates the analysis considerably). A list of
potential laser n=4 to n=3 wavelengths for ions of beryllium through
krypton extending from 1172 A to 14 } is given in Table ! of the paper
in Appendix A. The gains calculated are at best marginal since the
overlap is not exact when relativistic corrections are included for

the calculated wavelengths; and also close coupling between a very
dense pump and a more tenuous lasant is reqaired which does not lend
itself obviously to convenient experiments. Nevertheless, calculations
are completed for a Mg XII lasant pumped by C VI Lyman-Q radiation.

Also analyzed in Appendix A is a much more promising combination
of a hydrogenic C4 XVII lasant pumped from n=1 to n=4 (Lyman-Q)
by a Lyman- a.line of K XIX with potential n=4 to n=3 lasing at 65A. ,
The reported wavelengths are within 3 mA and the Z's are sufficiently ﬂ
close to coexist in a common plasma. Electron collisional puping
is not required nor is Stark broadening so that the analysis is
more exact and gains of 44 cm ' are calculated., This is a very
promising scheme and will be pursued at NRL in the hypocycloidal pinch®
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device designed to produce cylindrical plasmas of centimeter length at
high density and high temperature. While this is a gaseous discharge
device, it has recently been shown that efficient injection of metallic
ions by laser vaporization is possible.

The close K-C{ overlap is coincidental but encouraged a systematic
search for other promising combinations. Starting from the Ryberg
formula for hydrogenic ions up to Z=20 and requiring a wavelength
decrement s\ < 0.05 X a simple computer program produced 68 candidates.
A number of these are particularly attractive, with wavelength decre-
ments less than 10 mA which can be accommodated with Doppler broadening.
It is intended to investigate these systematically in the new hypo-
cycloidal pinch device®, Also, it is important to recognize that uncer-
tainties exist in tabulated wavelengths in the 1-10 ml range, particu-
larly between elements investigated by different laboratories. For
this reason it is intended that the most promising candidates will be
remeasured under high resolution on a single experiment and perhaps
cther less prumising candidates will be reinvestigated for closer
coincidences than previously suspected.

In summary, photoexcitation pumping between species in a single
medium appears very promising under the proper conditions. The ener-
gies required to heat a sufficient density of ions becomes again a
practical limitation so that it is imperative that as efficient coupling
as possible be made between the pumping and the lasant ions. New and
precise checks are required on promising coincidences and are indeed
planned here and in the Soviet Union, (see note in proof, p. 4).
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VII. SUMMARY

During the last reporting period the shortest wavelength coherent
radiation ever achieved has been generated. Also major steps have been
made in narrowing the approach and concept for moving to even shorter
wavelengths., Unfovtucately a major segment of the program ends
here due to the abrupt cancellation of the effort by ARPA,

The major accomplishments during this period (since 1 January
1976) have been:

Nonlinear Mixing

1. The shortest wavelength coherent radiation ever reported has been
generated at 53 and 38 nm, This was accomplished via a nonlinear
mixing: process which was resonantly enhanced., The measured efficiency
for geucration of 53 um from 266 nm (fourth harmonic of Nd:YAG at

106 was 10”®, This work represents the first demonstratiocn of
highes order mixing process in gases.

2. Extremely high efficiencies have been achieved for the fourth
harmonic generation of 266 nm from 1.06um in ADP and KD* P. The

highest efficiencies yet reported,85%, for conversion of 532 nm to 266 nm
has been achieved. The problem has been analyzed and modeled, It

is now possilbile to specify all the parameters to achieve the optinum
conversion efficiency.

3. A complete cancellation of self-phase modulation in 1.06um pulses
propagating through cesium vapor has been observed. This represents
the first time this has been accomplished. The negative nonlinear
refractive index responsible for this effect has been measured as
ng/N = -(2.5 £ .5) x 10 80 esu, in good agreement with theory.

Electron-Collisional Pumping

4, Interfercweteric mensvrements have been made of point and line
focus laser produced plartas with a spatial resolution of lum and a
temporal resolution of 30 psa&, These studies have shown that due to
large plasma density gradi:nts the higl Acisity region required for
laser heating is very thin and usually not in a linear configuration.
Hence the laser heating approach has been abandoned in favor of a
more conventional plasma pinch device.

5. A hypocycloidal pinch device has been con tructed and is ready for

testing. This device should be capable ¢! producing the required high
density plasmas in a linear coniiguration.
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Resonant Charge Transfer

6. Early experiments indicate a region of enhanced density and
illumination for specific spectral lines centered up to 1 cm from the
target surface which may be due to charge transfer, This is supported
by both visible and soft x-ray measar2ments.

W Pumging

7. The first observations have een made of laser action in ArCL
excimers pumped by a high voltage, fast risetime Blumlein discharge
circuit, The new laser emits at 175 nm and operates at atmospheric
pressure.

Analysis

8. An analysis has been made of resonant photoexcitation pumping

in hydrogenic ions. Two schemes are analyzed both based on a four-
level laser lasing on 43 transitions in hydrogenic ions of medium Z,
One involves collisional excitation followed by photos-assist pumping.
The other, more promising, takes advantage of a wavelength coincidence
for pumping directly from n=1 to n=4 in, e.g., g e by Lyman-q
radiation from K*®t., This latter scheme is being pursued experimentally
with the hypocycloidal pinch device,

It is unfortunate that the ARPA program is terminated at this point
since the overall approach has been narrowed and supported by considerable
analysis and numerical modeling. However, relevant work will continue
on the magnetic pinch device and the resonant charge transfer under the
support of NRL and ERDA, respectively. The goals and priorities, will
change, however, particularly for the latter,

Reprints of the major presentation abstracts and published papers
are collected in Appendix B. Only those for the last half of FY 76
and FY 76T appear. Many others have appeared in previous semiannual
technical reports., A total of 122 presentation and publication have
resulted from the work done under this program.
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APPENDIX A
Resonant Photoexcitation Pumping in Hydrogenic Ions
R. C. Elton
I. INTRODUCTION

A. BACKGROUND

Many short-wavelength laser approaches depend on self-terminating
inversion schemes, in which population inversion densities are pumped
and lasing is obtained in times shorter than relaxation times. This
places such severe requirements on pump sources as well as detectors,
that many such schemes appear impractical for the x-ray region with
present technology. CW operation is approached when rapid lower laser
state depletion is possible and terminates either when the pump source
is removed or when the initial electron sink is depleted and not suf-
ficiently rapidly replenished, as for photoionization schemes -- hence
"quasi-cw" operation.”

CW operation for the duration of the pump pulse is the most desirable
mode and is best understood for levels in a single atom or ion, i.e.,
excitation pumping from a "reservoir" level followed by lasing and rapid
lower-level depletion to the original level. This scheme has proven very
successful for visible/uv ion cw-lasing between levels with the same
principle quantum number such as 3p-3s, and }ndeed appears most promising
for extrapolation into the vacuum-uv region.” For shorter x-ray wavelengths,
transitions between levels with different principle quantum number are
required, such as 3-2 in one or two electron ions. However, simple col-
lisional pumping from 1ls ground state does not yield sufficient gain
coefficients for non-cavity lasing, except perhaps at very high densities.
Here again, radiative trapping enters and further depletes the inversion
obtained.

Inversions in simple 1, 2, and 3 (bound) electron ions are particular-
ly attractive because of the simplic}ty of the spectra obtained and the
general lack of lossy Auger effects,” It is clear, however, that external
pumping in addition to collisional from plasma electrons is required; and
since selective pumping to a particular upper laser level is desired,
resonance or near-resonance line absorption is most desirable. Alsq line
absorption is most efficient from a pump source viewpoint compared, for

* Two schemes are included here. The second (KC{Z) is the more prom~
ising and is an object of an experiment. The first "hybrid" scheme (C,Mg)
is very sensitive to quite uncertain collisional rates, and the absolute
numbers given are still in considerable doubt; hence, no experiment is

proposed for scheme (1).
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example, to a continuum source. Such resonance pumping based upon co-
incidental near-overlapping lines has been suggested,” >~ but the wave-
length matching has not always been sufficiently close for realistic
coupling of the pump and absorbing lines.% Also, the schemes are usually
not obviously extrapolated to shorter wavelengths, since they are often
based upon coincidences.

B. PRESENT SCHEMES

Two schemes are discussed below, each based on a four-level analysis
and 1eadin% to lasing on 4-3 transitions in hydrogenic ions of medium Z,
The first(l) to be discussed involves a hybrid of collisional excitation
followed by photon-assist pumping and requires the more detailed analysis.
It is quite sensitive to collisional rates, but also offers a variety of
laser wavelengths (e.g., see Table 1).

The first scheme is based upon the very nearly exact overlap in
hydrogenic ions between 2-4 absorption (pumping) transition in an ion
of atomic number Z and a 2-1 Lyman-g pump line from an ion of atomic
number Z/2. This is indicated most simply by the formula

2 1 1
AE, =Ry Z =\ 5 (D
fm [ 22 mZ] T

AR | g
Z [Z I %2_4 =(5) [ j Z] 1-2° vl

(More exact calculations have been published by Garcia and Mack.6) Re-
ferring to the energy-level diagram in Fig. 1 and assuming degenerate
sublevels at high densities, electrons collisionally excited into the
n=2 state of ion Z are transferred to n=4 by absorption of Lyman-o«
radiation from ion Z/2, creating a population inversion between 4 and 3
with a rapid 3-2 rate assuring cw operation. The n=2 population is, in
the lasing ion, enhanced by radiative trapping effects of its own Lyman-¢
radiation; and the n=3 population is reduced by the very lack of such
trapping cn the (Stark) broader Lyman-§ line, providing plasma densities
are properly adjusted. Due to the near-exact transition matching in
hydrogenic ions, this scheme can be widely extrapolated for all even-Z
lasant ions. Some ion examples are listed along with the 4-3 lasing

wavelengths in Table 1.

where

The second scheme (2) takes advantage of fortunate wavelength 16+
coincidence® for photon pumEing directly from n=l to n=4 in, e.g., C/
by Lyman-¢ radiation from K 8+, thus avoiding collisional pumping (see
Fig. 2). Wavelengths are extrapolated for ions which are multiples of
Z=17, 19, as indicated in [ ]'s in Table 1 also.
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Table 1., Possible Laser Lines

Lasant Pump Laser Wavelength [1]
Be IV He II 1172
c VI Li III 521
0 VIII Be IV 293
Ne X BV 187
Mg XII c VI 130
si XIv | N VII 95
[C4 XVII] ' Kk xix]2 [65]2
Fe XXVI Al XIII 28
[Se xxxIv]? [sr xxxviii]? (1612
Kr XXXVI Ar XVIII 14

9Applies to second scheme (2).

These are the first truly quasi-cw scheme to be proposed for the soft
xX-ray region which are also amenable to extrapolation to shorter wavelengths
through recurring resonance pumping processes. Also, in these
schemes, the lasing photon energy is insufficient to cause photoionization
fr-n the excited states involved. Furthermore, the pumping line radiation
source cannot photoionize the n=2 level and does not appreciably photo-
ionize the n=3,4 levels of the lasing ions, as will be shown in the
analysis below.

Lasing on 3-2 transitions following n=2 pumpout (2-4 by Z/2 Lyman-o
and 2-6 by Lyman-B) is another possibility suggested but requires sig-
nificantly more pumping power, Supplemental pumpout of n=3 electrons
into n=6 which could assist the 4-3 lasing would also be provided by
Lyman-¢ radiation from Z/3 ions, again according to Eq. (1), in a 3-
element scheme.

To summarize some attractive highlights of the present schemes:

a, The "hybrid" approach combines the best features of electron
collisional pumping with resonance photoexcitation enhancement;

b. The pumping resonance is recurrent so that the scheme can be
extrapolated to shorter wavelengths;

c. CW operation is assured which climinates the short pump pulse
risetime requirements and/or large replenishment rates -- invites various
plasma devices;
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d. No Auger losses are present in one-electron ions;

e. No photoionization losses are present, particularly to the laser
beam;

f. The physics and sp~ctroscopy of hydrogenic ions is relatively
simple, near-exact, and re’ 'able;

g. The resonance line pump source is nearly monoenergetic and
therefore highly efficient;

h. Respectable gain coefficients under conditions compatible with
existing technology (and often independent of Z, Ne) are expected;

i. The devices envisioned should be compact and amenable as a tool
for probing. ;

In the following sections the schemes are analyzed using established
tydrogen-1like ion physics for particular cases: (1) magnesium/carbon and
(2) chlorine/potassium. These combinations were chosen from a number
because of particular cowpatibility with current high-density plasma
devices; other combinations can be modeled by computer. Energy require-
ments are also included, and experimental arrangements based upon estab-
lished plasma principles and existing technology are described to
complete the requirements for reasonable experimentation.

II. ANALYSIS

An analysis based upor a steady-state solution of the relevant rate
equations follows, along with resulting estimates of the net gain co-
efficient that can be expected.

A. RATE EQUATION MODELING

Referring again to Figs, 1 and 2, the rate equations affecting the
population densities N in the three levels (labeled by subscripts) involved
in the lasing can be written in terms of the n=1 reservoir density, which
is assumed to be constant. Denoting electron collisional rates by C,
radiative rates by A, photon-induced rates by P, and total depopulation
rates for a particular level by D, the rate equations are given by [(1)
and (2) superscripts refer to the respective schemes.]

dN (1)

2 = . L
=N Cip+ Ny (Ayy # Cyp) + N, (A Byp™” + Cpp) - Ny Dy =0, (3)
Ny _ y. ¢ N, C N, (C
-a—t—'113*223*4(43““43)’N3D3=°’ (%)

95

-




Z/2 (C) Z (Mg)

2 —— 4
—-}X_—f\m,— LASING
o
-\ P 3 (|3OA)

24

Fig. 1 — Energy-level diagram for Z and Z/2 hydrogenic ions showing principle processes
essential to the present scheme. Characteristics for the Mg/C combination are indicated.
Other processes are included in the rat.-equation analysis in the text.
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Fig. 2 — Energy-level diagram for hydrogenic ions of potassium and chlorine showing
principle processes essential to the present photon pumping scheme. Note the almost
exact overlap of the optically thick Lyman< pump line and the Lyman-y absorption
line.
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and

(2)_
1t N, (024 + P24) + N3 034 - N4 D4+ N1 P14 0. (5)

SE& = N1 C

dt
Furthermore, in writing the D's, electron collisional ionization rates
are denoted by I, photoionization rates by I A' = Ag(T ) is used, where
g(t ) (not to be confused with the statistical weight f8ctor g or the
effSctive Gaunt factor (g)) is the ''escape factor™ approaching zero with
large optical Jepth (T ) at line center and unity for optically thin lines
of small T [only the resonance lines have g(T ) significantly less than
unity] . Thus 2

D, = Ay + (021) + Cyq + (024) + I, + By (6)
LR !
Dy A gy + Agy t (C31) + (C35) + Gy, + Ig+ (Ip3)’ (7
and |
D, =A, +A,+A,+ (C)+ (Cp)+ Cq+ I, + (I,)+F My p, P (8
4 41 42 43 41 42 43 4 p4 42 41

In Eqs. (6)-(8), parentheses are used to designate relatively insignifi-
cant rates for the numerical analyses of the particular caseschosen.

B. FORMULAS

The following formulas and sources were used in deriving the neces-
sary rates for the above equations:

1. Electron Collision Induced Rates.

The collisional excitation rates for_An #0 derived from the Coulomb-
Born "effective Gaunt factor™ formulation

_ g L6 X107 £, (g) exp (- AE, /AD) 2 &5

2 sec
f)’“ e 3
AE o0 VAT

where f&n is the absorption oscillator strength, (g) is the appropriate
Gaunt factor, and the excitation energy AE,, and AT are in eV, For 1-2

as well as 1-3 and 1-4 trangi&}ons, the C's were scaled up according to
more detailed calculations.”?” Corresponding deexcitation rates were found
from detailed balancing according, e.g., to

C

Cyy = Cpp (8)/8)) exp (AE,,/#T) (10)

with gl, 8y the statistical weights 2n2 = 2, 8, respectively.

*Also, Landshoff & Perez, Phys. Rev. A, l;,'1619 (1976) and Davis &
Whitney, J. Appl. Phys. 47, 1426 (1976) for scheme (2) rates in Table 5.
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7
Collisional ionization from excited states n were calculated from
I =N9X 10-7 B exp (-xn/ﬁT) sec-l, for B =3 (11)
n eizi?zf——
2 2
with the ionization potential = Z'Ry/n” and ¥, AT again in eV units,

These ionization rates ais in close agreement wiEh cross-section calcu-
lations for carbon ions,

2, Radiative Rates with Trapping.

It is important that there be strong radiative trapping on the Mg
Lyman-¢ line to increase the n=2 source level population density. Like-
wise, it is important that trapping be reduced for the Lyman-f line to
reduce lower laser level population density., fhese are achieved with
Stark broadening, since the Lyman-8 line is considerably more Stark
broadened at increased charged-particle densities.

Radiative trapping effects may conveniently be introduced11 with a
modified spontaneous decay rate A'=Ag(T ), where g(T ) is the so-called
“escape factor'" derived from the optica? depth at 1ifle center t . The
latter is given for a lower level density NZ by 2

2
oot % (2% r c) fﬁm NZ L(wo) d. (12)
Here d is the (least) depth of the plasma in cm and L(w ) is the line

shape factor at the central angular frequency wo, which®for Doppler
broadening is

2 2
g ) e TN . id P S (13)
L(ey) = 2pe (n) w0 2 wm

where wb(l) is the half-half-width of the line.

For Stark broadening

3

2
d dx A
L(wO) = S(Q/() (ﬁ) (’az;): ZI‘EO—F: S(Q/o) o (14)

where S(Qb) is the reduced Stark prog}%e parameter at line center in
terms of o = |A7\|/F0 and Fy = 2,61eN“/®, This can be rewritten as

2 (%% 2
_ o i, 0 A 1
L&) i w. (D) 8 (mp) ~19u20 ch wg(i? : o
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where the subscript H refers to tabulated hydrogenic values, since S(o )
scales approximately as z° and 01/2 as Z7°, (Actually He values were
used,) Therefore, from Eq. (12)

2
1q iy j’[ro f Nf, XO (0.25) Cm"'l (16) .
d "W _(A) + 0.5%_(}) *
s D
|
From this may be found T and then g(7 ) from the graph in Fig. 3. The s

depth remains a variable®here and can Be adjusted to give the desired :
ratio of escape factors for the Lyman-¢ and =B lines, within reasonable
experimental limits.

3. Line Widths.

The line widths are not only important for ascertaining the optical
depths of the resonant lines as above, but also for the laser line in the
gain equation and for overlapping and matching the absorption line
with the pump line.

The Doppler half-half-width in 4 units is given by7

5

wo(1) = 3.8 X 1077 A (ﬁr/u)l/z 5 (17)

where in this case the wavelength A is in 4 units, #T is in eV, and u is
the atomic mass number,

For Stark widths associated with perturbers p, it is at present
necessary to scale from calculated values for hydrogen and ionized helium

as follows:
2 2 N\ 23z’ .
W o\ B2 « L — N < oF . (18)
Z,\2 5 e o
i\'p Z,
i
1/3
But ¢ <N from the tabulated values, probably due to additional
electron Eroadening at high densities, Therefore, it is assumed that
W= Ne/Z5 k (19)
High-density calculations for Hé+ (and H) then yield the values listed -

in Tables 2 and 3 by extrapolation.

4, Photoexcitation Pumping and Photo-Lccxcitation Rates.

The very important resonance absorption pumping process occurs at a
rate P£4 given by (£ being the lower level)

By = Np Icom(v)d\) : (20)
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Fig. 3 — The “escape factor” g(7,) as a function of the optical depth 7,
This factor relates the transition probability Ay, to A’ and is important
for high-opacity conditions.
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where o(v) is the absorption cross section for the f-4 transition and Ne
is the pumping photon density assumed constant over the absorption line |
profile and also assumed to originate from a blackbody source of uniform

intensity sver the absorption line and at a temperature TB. The absorp=-

tion integral may be written as:

8 A, 2 s
Jo,,(mdv = he ﬂ%— ] (21) |
gz 8nv 4

The photon density N _may be obtained from the blackbody flux ¢ [ergs/Kz~-
ster-sec-cm?] formuld as

Np & El—\) % % 0= %’c-t-; 2—:—;—3 [exp(hv/ﬁTB)-l] -l ; (22)
where a 27 collection solid angle is assumed., Thus from Eq. (20)
L ¥ =1
P£4 -5 E; A4£ [exp (h\MﬁTB)-l] » (see Tables 3 and 4), (23)

where g4/g£ = 4 or 16 for schemes (1) and (2), respectively,

Photo-deexcitation P, from 4 to £, or induced emission, is also
pocsible, for the which the cross section is related by

04£=OIA (f4£/fm) =OM (32/34) . (24)
Thus from Egs. (21) and (23),
A4z -1 ,
P4£ H exp[(hv/ﬂTB)-l] s also in Tables 2 and 3, (25)

It is important in using these rates that pump and absorption line overlap
be maintained, and the plasma parameters were carefully chosen with this
in mind as discussed in Section II.C.

5. Photoionization Loss Rates,

Photoionization from the upper lasing state or from the source state,
labeled 4 and 2 respectively here, are potential losses that must be
considered in any short wavelength laser scheme. Both the pump source
and the lasing emission are potential sources for consideration. The
laser photon energy

2 1 1 2
hv43 = Z Ry [9 - TE] = 0,049 Z"Ry (26)
is clearly less™ than the ionization energy ZZRy/n2 for either n=2 or n=4

so that photoionization by the laser beam. is impossible. The pump source
photon energy is given by

*Even considering ionization energy lowering.

Y04




hvp = - Ry !} . %]: where [ = Z/2(1) or 19Z/17(2), (27)

and could cause,photoi. nizatign from n=4 as well as n=3 with ionization
energies 0,0€ Z‘Ry and 0.11 Z“Ry, respectively., The latter will be more
probable [see Eq. (28)] and in fact could assist in lowering the density
N3 (if the rate were of sufficient magnitude). Thus, the rates Ip4 and
Ip3 are included in Eqs. (7) and (8) and need evaluation here.

For hydrogenic ions, the Kramer's formula sufiicies so that

- 64n4e10mz4

= 6 3
3/3 ch v g,
aud equals 2 X 10-17n-5 for Z =17, or 6 X 10-20 and 2 X 10‘-20 for
n=3 aud n=4, respectively -- small values. Following Eqs. (20)-(23),
the photoionization rate due to the pump source radiation becomes

g

ne 3 (28)

5 10 4

L 256 t° e " m 2 1

I [exp (hwW#T_)-1] ~
PR 373 c2h6\)gnn3 B 3 25)
or
- 660 2t exp [(hv/#T,)-1] "1 30
pn n5 P B )

which is negligible,
C. ENVIRONMENTAL PARAMETERS
1. Scheme (1): e,c5+ pumping Mgll+
In order to evaluate the above rate formulas for the specific 2=12,
Z/2=6 combination, the electron density Ne, the (equal) electron and ion
temperatures T, and the diameter d must bé specified. The length L also

becomes a consideration when the gain and pump power are estimated,

For the Mg plasma lasant,

£T = 1460 eV = h\)12
N =3 x 1020 &3
e

d = 400 um

L =5 mm
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were chosen, The temperature was So designated for maximum collisionad.
excitation rates and consistant with optimum concentration of Mg * 1ot -,

The electron density was chosen at a value below critical density at k
which interferomectric measurements should be possible; high values are
desirable for increasing the n=2 sourcg level population density. Another
reason for limiting N to 3 X 10 0 ¢m™> is to prevent excessive Stark
broadening of the 2-4%¢transition which must be pumped by a normally [
rather narrow C VI Lyman-¢ line. The separation of these lines is 0.04 X
so that some Stark broadening of the Mg line is necessary, and the density

chosen was thus a compromise for these particular ions., (Table 2 shows b
actual widths.) The diameter was chosen as 400 um to make the Mg Lyman-o
line optically thick to maximize radiative trapping and thereby reduce the
effective n=2 decay rate through a lowered g(1 ). Effective cylindrical
geometry then dictated a length of about 5 mm. © §

For the C VI pump plasma,

1
ﬁTB = 300 eV i
N = 1022 cm'3
e
d = 200 pm

were chosen for maximum blackbody emission and sufficient optical depth.
Further increases in T. depletes the fraction of C-* ions compared to
stripped ions which is estimated by the Saha relation at these densities ;

by
2 i
N§05+) Ny <2nh> 3/2 . -3 ;
= 7 ) = N, \=r exp (xn/ﬁT) 28,2 X0 (31)

Sufficient optical depth is necessary to again achieve both a blackbody
level and overlap between the Mg 2-4 absorbing transition, which has a
half-half-width of 0.09 X according to Table 2, and the 0.1 } stark
broadened C VI line shifted by 0.04 A, For a Lorentzian wing profile,
the Y}Sth of the optically thick C VI Lyman-« line scales approximately
as Tc so that the requirement is

0.,1/7_c > 0.09 + 0.04 . (32)

For 7/d = 90, from Eq. (16) and including Eq. (31), this sets the diameter
of the carbon plasma, as ~ 200 pm. If larger dimensions prove feasible,

TB could be raised for greater gain.

It is with these parameters that the collisional rates listed in
Table 4 and the radiative rates listed in Table 2 are calculated for

scheme (1). :
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2. Scheme (2): K18+ Pumping C216+

A particular attraction of this scheme is the closeness of the
7-values and the possibility of using a single plasma mixture, as well
as the close wavelength match. The parameters chosen for analysis are

#T = 2000 eV

N = ore ami
e
d=1mm ¥
L = 1 "cm

The wavelength difference between the K XIX Lyman-¢ pump line and the

C XVII Lyman-y absorption line is very small, namely 23 X 1074 £, and

sufficient overlap (~ %) is achieved by Doppler broadening as indicated

in Table 3; this factor was included in calculating Py, and Py, from

Eqs. (23) and (25). Also, at a density of 1020 ¢n-3 the collision 1imit7
]

is above n=7 and coronal ionization equilibrium conditions apply.

Under suc cgnditions, a temperature of #T=2000 eV results in about 40%

abundance )1 of the desired ionic species for each of the two elements

involved, the remainder being in helium-like chlorine and stripped

potassium ions., A diameter of 1 mn was chosen to assure that the pump

line becomes optically thick (7=2, Table 3) for the blackbody model

chosen; the factor [l-exp (-m)] = 0.80 was also included in P., and P41

Again, a reasonable aspect ratio requires a length of about 17cm. . \

With these parameters, the collisional rates listed in Table 5 as
well as certain radiative rates given in Table 3 were calculated for

scheme (2).

k
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Table 5

Electron Collisional Rate Coefficients and Rates® for Clb [Scheme (2)]

Transition  10'0(C/N ) a o I 2 s , 1149 g9
1-2 0.070
2-1 0.078
1-3 0.011
3-1 0.0065
1-4 0.0050
4-1 0.0019
2-3 1.44
3.2 0.84
2=4 0.26
4-2 0.097
3-4 6.8
4-3 4.1
2- O 0.37
3-cc 1% 1
4- O 2,2
2 For Ne = 1020 cm-3
4T = 2000 ev
¢ Units: cm3 sec-1
Units: sec-1
[See footnote p. 7 also.]
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D. EVALUATIONS
1. Scheme (1):

The steady state solution of the thr
(5) for the three unknowns N4/N1,

e,C5+

Pumping Mg11+

ee rate equations (3), (4), and
Ng/N7, and N2/N1 is straightforward
The numerical results for scheme (1)

azg will not be written out here.

ar
N

LANER L 10”2 (33)
Ny
N
3 _.s.1x10™ (34)
N

1

N
R o (35)
Ny

The first two are the critical density ratios for inve

the gain coefficient (o) equation as

rsion and enter

*
2
A N g, N
o3 = §% Af? oL | ﬁ& g E& ﬁg (369
1 BN
4
iy Sl N, 163
= 5 "¥or Gt )
8nc 2w43 1 N1 9 N1

where Né is the ground state density of Mg

stripped-ion density NS by

N, ®(Z = 1) N+ 2N (N /N

1f coronal equilibrium relations a

5 ions, related to N, and the

37)

re applied}3NS/le3 is found, so that

N, = N/47 = 6.4 X 1018, (38)
Equation (36) giveét
1l o
C7%) ~ 5 cm at k43 = 130 A (39)
and
(40)

I/I0 = exp (ol) = 12

for L = 0.5 cm,

% For Stark broadening, g
and independent of density and Z.
The absolute numbers given in Eqs.

can be shown to be approximately constant

(33)-(35) and (39)-(40) are still

uncertain at this writing — see top of next page.
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This gain coefficient could change with more careful optimization
of temperature, density, and the blackbody-pump temperature; which is a
job for a computer model, particularly since so many rates enter.

2. Scheme (2): K18+ Pumping CE16+

The numerical results from solution of the rate equations [and
corresponding Eqs. (33), (34), and (35) for scheme (1)] are

N
< .34x 107} (41)
N

1
N
£ w7 g 1072 (42)
N

1
N
2 .38 x10} (43)
<A

which are considerably larger than for the hybrid scheme and much less
dependent on collisional rates; hence, more reliable.

The gain coefficient for C4 XIX is calculated from Eq. (36) where
N; = 0.4 Np and Ny is defined as the density for either chlorine or
potassium in equal proportions. Thus

N_/N_ % 0.4(16) + 0.6(17) + 0.4(18) + 0.6(19) (44)
S ) ;- K 4

or
N, = 0.4 N /35 = 1.1 x 108 ¢ (45)

[corresponding to Eq. (38) for scheme (1)]. For the narrower Doppler-
broadened line here, the gain coefficient becomes

o ~ b4 en”? at 1,4 = 65 & (46)

and

I/Io = exp (ol) = e44 (saturated)

for L = lem. This large gain coefficient indicates a considerable degree
of flexibility in design.
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I1I, DEVICE REQUIREMENTS
The device parameters listed in Section II. C. center around a
lasant and a pump source, with the former "seeing”™ at least 2x solid
angle of the latter. Several approaches for generating appropriate

high-density small plasmas suggest themselves, particularly since cw
operation removes the short risetime requirements,

3
The energy densities stored in the plasinas are given in ergs/cm
for scheme (1) by

Mg: (N, + N) AT + N X = 8.4 X 10! (47)
C: (N_+ N,) AT, + N,x = 7.2 X 10 (48)
e i B i
and for scheme (2) by
KC4: (N + N AT + Nx ~ 3.7 x 10'! (49)

which are equivalent to the plasma pressures. These may be compared to
the pressure exerted by a 10 MG magnetic confinement field (same units)

N

= 4 x 1011, (50)

mlw
A

In spite of the difference in pressures for the carbon and magnesium
plasmas in scheme (1), the expansion velocities v and the radial expansion
times t. (to desired radii) at peak temperatures

Mg: v~ 107 cm/sec, =g 2 ns (51)
and

C: vmb6 X 106 cm/sec, Ee ¥ 1.7 ns (52)

are comparable. This is important for expanding-plasma inertial confine-
ment devices,

Multiplying by the volumes given in Section II. C., the plasma
energy requirements become from Eqs. (47) through (49)

Mg: E =53J (53)
C: E = 110 J
min

KC4: E = 1200 J (radius = 1 mm)
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For electromagnetically driven pinch devices such as proposed here,
these are very reasonable energies and pressures; since a conversion
efficiency from capacitor to Elasma of 4 percent can be expected with
staterof-the-art technology,1 and muilti-megagauss fields are not uncommon.
For laser-produced solid-target plasmas, the conversion efficiency drops
sharply with laser power after plasma temperatures in the 300 eV range
are reached, so that kJ lasers can be expected to be required,

IV. SUMMARY

In brief, these analyses indicate that photon assist of electron-
collisional pumping is marginally promising at best, since collisional
effects tend to dominate at the high densities required both to capitalize
on Stark broadening and to achieve wavelength overlap of the transitions
involved. Also, the lower blackbody temperature associated with the Z/2
pump source limits the amount of photon pumping available,

On the other hand, purely photon pumping is most promising in a
firuation such as found for K+C4, where an almost exact wavelength match
occurs., The density can be lowered, with Doppler broadening providing
overlap, and collisions become of minor importance., The analysis is more
accurate and reliable then. Also, the higher-Z potassium pump Source
produces a higher blackbody line and more inversion along with higher
gains, This scheme therefore looks very promising. Other such coinci-
dental overlaps have recently been found to occur and will be
of future investigations.
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. ed, unless one can also produce spatially resolved spectra with a reso-

K X-RAY EMISSION SPECTRA FROM A HIGH POWER DENSITY PLASMA L

T. N. Lee
U.S. Naval Research Laboratory
Washington, D.C. 20375

Vacuum spark discharges have been used as a source of EUV and x-
radiation since at least the 1890's [1]; however, in spite of its long
history, this extremely simple device still finds a place in the modern
laboratory. In general, when such a device is operated with an in-
creased energy input, it i known [2], [3], [4] to emit the K x-ray
radiation of highly stripped, high-Z atoms, This line radiation origi-
nates from one or more small (~ 107° - 107 co®), high-temperature
(~ 107 - 10® %K) plasmas, The x-ray energy density (in both line and
bremsstrahlung radiation) in such a plasma volume reaches a value of
10% - 10® J/co® in a time interval of about 5 X 107° sec, giving a powver
density of 10* - 10'® watts/em® [5]. 1In addition to the highly concen-
trated hot plasmas, the discharge also produces somewhat cooler, low-
energy-density plasmas. Accordingly, the integrated spectral contribu-
tions from all the components of different plasma temperatures and
states makes it difficult to unambiguously interpret the spectra obtain- i

S —

lution of a few tens of micrometers., Another difficulty in understand-
ing the x-ray spectrum obtained with multiple discharge exposures is a h
consequence of the shot-to-shot nonreproducibility of the discharge, -
i.e., such spectrum is an integration of a large variety of spectral
features emitted by individual discharges. j

In this study, space-and-time-resolved K x-ray line spectra emit-
ted by a vacuum spark plasma are analyzed in order to better understand ,
the physics of the x-ray spectrum. These spectra are obtained with a |
single discharge exposure., The vacuum spark source used here is a laser-
pulse-triggered discharge and is essentially the same device used in the
previous investigation [6]. The capacitive discharge takes place be-
tween a bullet-shaped anode tip and a relatively flat cathode which is
separated from the anode by a gap of approximately 5 mm. The anode
material used here is iron. After triggering, the discharge current
reaches its maximum value of 250 kA in about 2 psec. A flat LiF analyz-
ing crystal is used, and the spectrum is recorded on Polaroid film in an
XR-7 film back, Spatially resolved (in an axial direction) spectra of
the discharge x-ray emission is obtained by simply mounting a 150 to
250 pm-wide slit (oriented perpendicular to the discharge axis) onto the |
x-ray window (125 pm-thick Be-foil). Pinhole (50 um in size) x-ray pho- |
tographs are also taken simultaneously with euch spectral exposure to ;
aid in the interpretation of the spectral data, Fig. 1 shows three
microdensitometer tracings taken by scanning across three different axi-
al locations of the discharge gap in a space-resclved spectrum, The
three locations correspond respectively to a plasma cloud near the anode
tip (lst trace) and two axially well-separated (600 um in distance)
point plasmas which constitute the main x-ray emitting plasmas in this
particular run, The lst tracing suggests that the plasma cloud emits
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predoninantly Ka-type transition lines mainly from Fe II through about
Fe X, according to the normal line intensity vatio between a Xg and Kg
line. One of the point plasmas (2nd trece) is hot enough to produce

the 2p-1s transition lines of Fe XXIV, Fe XV, and H-like Fe XXVI ions;
wherecas the other point plasma {3rd trace, the farthest from the anode
tip) does not emit these lines. Negligibly weak Kp-type (3p - 1s) lines
in the 3rd trace, however, indicates that this relatively cool point
plasma emits predominantly Ka-type lines arising from Fe XI through

Fe XVIII ions. It is likely that the main contribution to this feature
may be Fe XVIII ions which are produced by innershell ionizations of
Ne-like closed-shell Fe XVII ions. Examination of a number of pinhole
x-ray photographs and spectra obtained indicate that a single, isolated
hot point plasma is rarely produced but generally accompanies a cooler
point plasma (or a small cloud) occurring in the immediate vicinity

(€ 25 - ~ 100 um). For instance, the point plasma which produced the
spectrum indicated in the 2nd tracing of Fig. 1 is surrounded by a small
plasma clcud, according to the monitoring x-ray pinhole photograph,
However, on several occasions, we were able to obtain spectra emitted by

Fe XXIV

15708 - 1s2pnt Fe XXIV
187n) ~¥s 2p n/ -

Ly,
[} -lsZpr Fe X
. xv
U|  Fexvitt - e 15415 2p 4 !

Ea f
o | !

| YACUUM SPARK i

ETan Ry TP o IL 3 [ Fa 31

R w«ﬂ o

-~ 2
|

LY
] kn_ SOLAR FLARE il
‘-u—...r-u"'-hn"---n—r\ 1 l

NRL -0S0 6 M"J

Fig. 1 - Microdensitometer scans Fig. 2 - Microdensitometer scan of
of a space-resolved K x-ray spec- a space-resolved K x-ray spectrum
trum of iron. Scan 1 is taken emitted by a well-isolated point
at the plasma cloud near the ' plasma, Also chown is a corres-
anode, and scans 2 and 3 are at ponding Fe x-ray rpectrum [7] of
two separated (600 pm) point the solar flare for comparison.
plasmas, respectively. Note the negligibly weak Fe II Kq

line in both cases.,
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what is believed to be an isolated point plasma. Such a spectrum is
shown in Fig. 2, where a microdensitometer scan of the point plasma is
shown along with a corresponding Fe spectrum [7] of the solar flare
(NRL-0SO 6) for comparison. Note the strong Fe XXV 1s2p 1s® and

Fe XXIV 1s2p nf - 1s® nf lines with negligibly weak emission of the

Fe II - Fe XVIII Ka and KB lines., This result contradicts the previous
assumption [8] that a laboratory transient plasma inevitably produces K
transition lines of lower stages of ionization due to the extremely
transient ionizing condition (in this experiment, ~10"° sec), On the
other hand, the result is in good agreement with a recent study by
Feldman, et al, [9], who deduced the spectral contributions from a two-
temperature plasma based on space-resolved x-ray absorption measure-
ments. Time-resolved x-ray line radiation of Fe XXV 1s2p - 1s® and its
satellite lines are obtained by properly positioning an x-ray detector
and a slit at the film plane of the crystal spectrometer. The data is
analyzed by comparing the signals with the simultaneously obtained pin-
hole x-ray photographs or the space-resolved spectra (time integrated)
obtained with the second LiF analyzing crystal. The result will be
described,

1 would like to thank Mr. R. H. Dixon for reading the paper and Dr,
R. C. Elton for helpful discussions.
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COMPENSATION OF SELF PHASE MODULATION BY CESIUM VAPOR¥

R, H, Lenczberg, J, Reintjes and R, C, Eckardt
Naval Research Laboratory, Wazshington, D,C, 2375
(ec2) 757-2730

ABSTRACT
We have observed a significaat reduction of Nd:YAG
laser-generated self phase modulation by propagating the output
pulses through a cesiuva vapor cell, The limitations of this
technique are discussed, and . related pulse shaping experiment

will be desc~ibed.

¥work supported by U, S, ERDA and ARPA,
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STL7 PHAST MODULATION BY CESIUM VAPOR, R, H, Lehzbert, et a

235rz¢d tha observation of self defocusing of wode locied
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1,25 = sulses in cesiuz vapor, and attributed it primarily to the nearby two

photon rasonzace with the Zs5-7s levels,- The corresponding negative valuz of
n. was measured at -1,& X 1& °° N, in reasonable agreement with the calculated
value of -2.82 x 1272 %, Since the useful output power of large Nd lasar

narily lisited by self focusing and self phase codulation (sp,
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the existence of this nszative n, raises the possibility of increasing the

or conmpensation, Here, we report the first observaticn
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of partial cozpensation of the SPM generated in a Nd:YAG laser systea.
The lasar radiation consisted of single pulses of FWHM duration tp = 30 psec,
as measured by a 5 psec resolution streak camera. The bandwidths were broadeuad

to &-3 ¢z - by SPM in the YAG amplifiers, and the integrared spectra had the

apearance (FI3. la, c) expected for a chirp of this magnitude.2

diah
The csilimatzd bean, with a peak on-axis intensity I = 1.9 GN/cmz, propagatad

through a toral path leagth Z = 20 cn in Cs vapor. Its diameter was relatively
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rder to zvoid whole-beaz self defocusing effects. The integy
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sct-2 of the input and cutput pulses were recorded by directing a portion of tkte

2a> throuzh a 1-m grating spectrograph onto an image converter
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cz-s-z :szrating in the screak code adjusted for a 1 nsec resolution ard 12 nsac/e=

seizes rzzz, A 12,5 nsec pulse sepzratien allowad the irput and output spectra

to be on the sa—=z £ilo (e.g. Fig., 1), The spectral resolution is
A =
JEAS TSNS
ia Tig, lc, the phzsz =mocdulated spectrum cf the iacidant pulse pives a
e R i) s1idth of Luc = L.% ex -, vhich corresponds to a peak on-avis
X o = Oy = 2 S - . K
pifdizs @Rd =SS c—c &y t /2,25 =~ £.5. 1In the output pulse, the double-hump
chip :
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A5S5 NODULATION BY CISIUM WAPOR, R, H. Lehmbery, et a

B -1
haz disappeared, and Lv _has been reduced to 2.7 ¢z 7 ha2nce, B = )
c ' ’ “out i

The shase reducticn B = B'= &)
? out 3

ny

is in re2son2ble agreesment with the

value A3 = 8n2n21%/1c >~ .1, 9 calcuiatad fron Ry = - 1.4 X 10“30 N reasured

-

previcusly,
Tha c3ymmetry in these spectra arises from asymnetry in the laser rulse
shap2, Since the pulsz changes shape within the lazser, the output intensity
variation - dI/dt doa=s not correspond exactly to the instantaneous chirp
frequency. Moreover, some beam degradation due to small scale self focusing
was evident in the mores intense pulses, It is therefore unlikely vhat the
SPM can be completely cancelled by a single Cs cell at the output, i,e,, one

PN

should cczpensate after ecach amplifier stage before self focusing and pulseshane

chanczes become appreciable.”
Additicnal experizents are in preparatioa todo the initial pulsechirping

with CS_ rather than in the anplifiers, This will allow better control of

n

c~211 sczle self focusing and will ensure that the pulseshape remains tre

sa—e Ia the chirping a~d compensating elemants; hence, a nearly cozplete

hase co-pensation should be attainable, 12 a second experiment, the nzzative

v ¢ to the cesium cell alone will be us2d to study pulse squaring effects

1, . B, Leh-berg, J, Reintjes, and R, C. Tchardt, Appl, Phys. Lett. 25,
a0 (ks Pupen REs S (CleEeh 1379).

] Q -
dreiiord, Opto-clectronics 2,
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COM2-NSATION OF STLE PHASE MODULATION 2Y CESIWM VAPOR, R, H, Lehaberg, et al
(712) 757-773C

rICU2Z CA2TIONS

pymooie ot T B gty gV i R 1 gt o

FIGULE 1

Integrated spectra of pulsesat the Cs cell input (lower trac-.s)

and output (upper traces): (a) ecopty cell; (b) N = 3.7 X 10%° ca 2

" with 2 seall double pulse (I < .15 GW/co®) which recains essentiall
y

time-bandwidth limited; (¢) N =2.7 X 10*® cm °, showing a reductiou

of the SPM bandwidth of a pulse of intensity 1.9 GW/cm®.
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Compensation of Self Phase Modulation by Cesium Vapor, R.H. Lehmberg, et al (202) 767-2730
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VUV, X-RAY AND MI'TAL VAPOR LASIRS

cathode at the appropriate angle Tor Rowland circle To-
cussing.

Initially when there is no population inversion the tran-
sitions are very intense, Population tnversion occurs at a later
stage of expansion and cooling when the Lye und Ly g8 inten-
sitics are much reduced, The extremely high sensitivity ol
the VUV streak camera [4] makes it possible to record the
submanosecond scale temporal variation ol the Lya and Lyg
intensities through to the inversion phase.

Relerences

| 1] Based on cateutations described by M.H. Key at the
Gordon Conf. on Laser pruduced plasmas, Titton, USA
(1973), which were developed from cartier work by
L. Gudzenko und L, Shelepin, Sov, Phys. Doklady 10
(1965) 147, and paper by S. Stutz, G, Zimmerman,
W. tokka, G. Chaptline, L. Wocd at APS Monterey Conf.
(1972).

[ 2] J.P. Christiznsen, DETEF. Ashby, K. U. Roberts, Com-
puter Phys, Commun. 7 (1974) 271,

| 3] T.P. Donatdson, R.J, Hutcheon, M.H. Kev, J. Phys, B3,
Atom. Motee. Phys, 6 (1973) 1525,

14| D.J. Bradtev, A.G. Roddie, W, Sibbett, M H, Key, M.J,

Lamb, C. LS, Lewis, P, Suchsenmaier, Cptics Convnun.
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R4 AN FLECTRON-COLLISION PUMPLED QUASI-CW
SOFT X-RAY LASER USING HELIUM-LIKYE 10NS
L.J. PALUMBO and R.C. ELTON
Naval Rescarch Laboratory, Washington, D.C. 20375,
USA

A steady-state wialytical plasma niodel has been applied to
4 quasi-cw electrodi-collisional pumptng  cheme for produc-
ing sol't x-ray lasing on the 3s Is 2p I'p transition in helium-
like 1ons. The estimates of pump power requirements, gain
coefficient, and optimun clement indicate that lasing may be
obtained in the 20-70 A region with a vain of > 10 ¢m” lin
moderate-Z plasias under conditions existing in present and
torthcoming pellet tusion experiments, The 1s3s 1S upper
luser level is pumped by electron collisional excitation from
the 152 s ground level, Lasing takes plhice by transitions into
1s2p 'P, and rapid 1s2p 1P+ 152 1S decay prevents selt ter-
inination, te., quasi-cw operation is expected, The upper
laser level is also depopulated by electron-impact excitition
into the nearby 1s3p TP term, which unposes an upper lunit
on the electron density Tor u given element. A populatian in-
version is maintained, even though the electron-intpact exci-
tation rates from the ground state into both the 3sand 2p
levels are comparable, becanse rapid 2p -+ 1s decay prohibits
accumulation in the 2p level while the 3s level ts not dipole
coupled directly to the ground state.

The equations for the steady-state population densities,
Nyand Vy,of the upper and lower Liser levels are,

R4
N VX3
N_; s R
Az + No(X 39+ X34)
NiVeXyg # N335 + Ve 32)
1V2 = - '

A

where the subscripts 1 through 4 refer to the 12 1S, 1s2p p,
1535 1S, and 1s3p P levels, respectively, The /s are spontaneous
radiative decay rates, the X'sare electron collisional excitation
or deexcitation rate coetticients, and the MN’s are the popula-
tion densities with :V, being the electron density. The deexci-
tation rate coefticient, X 3, is computed Tront X5 3 by detailed
balancing. Required energy level spacings, ete, wer taken ltom
published data and sealed appropriutely with spectrum num-
ber. The ground state density, ¥, was obtained from ¥, by
assuming charge neutrality, 1007% abundance of helinm-like
tons, and small Tracttonal populations of excited levels,

Iig. 1 shows some results ol gain at two (high) electron
densities. A gain coefticient, «, ol > 10 em s desired be-
cause, even with very large purap laser sy stems, it may be dil-
ficalt to fornm a plasira of the required temperature and den-
sity with a length ot more than a few millimeters, These curves
are typical of those computed over a wide range of clectron
density and temperature, The curves show an inerese in gain
with Vg, an optintum Z at a given density, a rapid decicase
ina tor Z larger than this optumwm, and a 7 g5, cutotf be-
low which the computed inversion densivy is negative, The
gain seales analy tically us ~(Z 1) 2% when collisional proc-
esses daminate the 3s 1S level depopulation (low Z or closely
spaced energy levels) and as ~(Z — 1) 8.5 when the promi-
nent mode of depopulation is by spontancous laser-line enris-
sion. For a given Z, the highest gain is attained when the elec
tron temperature is approximately twice the Is » 3s exciti-
tion energy, AF | 3. This 1s a consequence ol the fact that
NeX |3, the rute for the dominant process populating the up-
per laser level, reaches a peak ut kT, = 24aL 3; Tor higher
teniperatures, this rate talls off slowly and the luser pumping
vate decreases. An fon temperature less than the cleetron tem-
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Fig. 1 Caleutated gain for 3s g -» 2p ' fasing i hetiamdike
wits plotted vs. atomic number for two electron densities,
Lor each density, electron temperatures swere chosen which
yiclde the higheat gain and their vatues in keVoare indicated
by nambees next to each vurve,
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¢h may ocenrin (ransicnt laser plasma, would

pUralIIe, whi
d curves by a factor of(Te/Ti)| 2

increase the gt in the plotie
due 1o a reduced Doppler width.

The production of a plasma with the
d 10 produce reasonable gain
[ with a power density ~10!
st dimension 2 1 mm ona cylin-
oid temperature deerease by ther
and targets are currently being
develuped in the laser fusion progrims. Results from u micros
nostic experiment |1} using 4 N YAG
30 psec probe laser swnchronized with o Nd:glass 2 nsec plas-
mu producing luser to study the evolution of a high-density
critical layer at N = 1021 em~ 3 will be deseribed.

density and tempera-
were reguine s on this transition
would reqaire i pump luse
' 2 0
W/em= over un ured of large
drical pellet-like target toay
mal conductivity. Such lasers

interferometric due

References
11] J.F. Reintjes, T.N. Lee, R.C. Eckardt, R.C. Flton, and

R.A. Andrews, Butl. Am. Phys. Soc. (197 §) 1336,

INTERACTION OF POWERFUL MILLISECOND
LASER PULSES wWhill MATTER
V.E. FEDOROV

Lebedey Physical Institute, Leninsky
Moscow, USSR

RS

Prospect 53,

The papes tredts the problems of evaporation und heating of
strongly absorbing solid targets (paniculurly metals) under
high-encrgy (~10% - 102 1) and long-duration { 10-3-10 =5
sec) laser pulses.
The solid target evaporation and optical discharges sup-
ported by the laser beam near solid targets (and in gascous
targets) are studicd in the intensity range of incident laser
radtation / ~ 107 - 107 w/cn|2. Results on the mechanisms
of the processes taking place near the targets, on the ausdy-
namic structure of the optical discharges and plasma heating
are presented.
The possibility to advance experiments with long-duraiion
Jaser pulses into high-intensity range of laser radiation up to
f~10'" - 1013 w/em? is demonstrated. The first experi-
ments in this range have shown thut reflection from dcnse,
pear critical opticad discharge plasma results in laser Q-switch-
tng and corresponding self-consisting, high temperature plas-

ma heating.

MULTIPIHOTON JONIZA TION PROCESSE
IHGH LASER INTENSITY

L.A. LOMPRE, G. MAINFRAY and €. MANUS
Service de Physique Aromique, Centre d'Frudes
Nucléaires de Saclay BP No 2. 91190 Gif-sur-Yrelte,
France

R6

The purpose of this paper is to present some preliminary 1c-
sults of the first investigation of multiphoton jonization of

S ATVERY {41 G.J. Pert, ). Phys. B 8 L173 (1975).

laser intensity (10‘5\\’/0112).

e pises atvery high
ot is a mode-locked

The laser ased in the prese
Nd-YAG oscillator using a Kod
gle pulse is selected Trom a train of 10 pulse
known method of Pockels switch. The laser
measured to be 28+ 2.5 ps by using a picose
era (1), This single pulse is amplified to an energy up wlj.
The laser radiation is lincurly polarized and is ¢centered at
10 643.5 A with u linewidth of 0.8 A The laser pulse is then

acuum chamber by an f/3 aspheric lens cor-
aberrutions, The pas under investigation
anber at a pressure of 10 9 torr. The
¢ from the laser nteraction with atoms at the
d with a transverse electric field of
500 V/em, and then detected with an clectron multiplier.

The experiment consists of measurements of the number
of jons Nj formed asa function of the laser intensity /. Ina
log - log plot, the experimental points form 2 straight line with

a slope
o 9 log N_i ‘
dlog!

nt experime
ak 9740 suturable dye. A sin-
s by the well-
pulsc width was
cond streak cam-

focused into a v
rected for spherical
is released into the ch
jons resultin
focal point are extracte

Within the experimental errors, the A values for the Tive rare
pascs are in poud agreement with the corpesponding K values,
K g is the next integer greater than the fonization enersy of
the atom divided by the laser photon energy’s ‘This would mean
that no resonant multiphoton jonization rrnccsscshuvc taken
place at this laser wavelength, Previous experiments have
shown that K can have valaes smaller ot larger than K de-
nding on the laser wivelongth, when there is a resonant
xcitation of an atomic level 12].

on can be derived from the expert-
T Intensity

pe
multiphoton ¢
An important conclusi
mental results obtained for
of (3+2)X 10'5 W/em?e, that is
1.5 X 10? V/em, No lowering of the slope K
tly, pussible wnnel effect does not play
Jonization of helium atoms
* 22-photon process. This
few theoretical caleu-
ould appear in this

heljum atoms at a luse
a peak laser electric field of
=22+ 2is0db-

werved, Consequen
any role at this laser intensity.
secrns to result only from a “pure’
result s in contradiction with the very
Jations which predict that tunnel effect sh

laser intensity range (3-4].
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Diagnosis of a Traveling-Wave Surface Discharge
as a Source of Short Wavelength Stimulated Emission.*
R. W. WAYNANT, T. N. LEE, and R. C. ELTON, Naval Research

Laboratory--A possible laser emission from CIV resonance
lines at 1548.2 and 1550.8 A has been previously report-
ed” using a low pressure, traveling wave discharge.
However, a specific physical process which is responsible
for the population inversion in the resonance transition
is not well known. In view of the low pressure involved,
the discharge is believed to be associated with a surface
breakdown over a polyethylene insulating sheet which is
exposed to the discharge. The purpose of the present
study is a first attempt to understand, through a diag-
nosis of the device, the processes with which the ablated
material is multiply ionized and the radiation is ampli-
fied. The diagnostics include spectroscopy as well as
high-speed optical and x-ray measurements. The possi-
bility of assogiation with a velocity selection popula-
tion mechanism 1is considered.
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B. A. Norton and E. R. Wooding, Phys. Rev. A 11, 1689
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Nobel prize to Richter and Ting for discovery of J/psi

The 1976 Nobel Prize in ’hysics has heen
awarded to Burton Richter of SLAC and
Samuel C. C. Ting of MIT “for their pi-
oneering work in the discovery of a heavy
elementary particle of a new kind.™
Their surprising and far-reaching dis-
covery of the J/{ particle was announced
in Novemher 1974 (PHYSICS TODAY,
January 1975, page 17). The prize of
$160 000, to he sharcd cqually by Richter
and Ting, was scheduled to be awarded on
10 Deceinber in Stockholm.

The J/¥ with a lifetime 1000 times
greater than expected for a particle as
massive as 3.1 GeV, did not fit into the
three-quark classification scheme. Two
years after the discovery, nine or ten
particles related to the J/¥ have been
found. All the inembers of the J/¥ family
of mass helow 3.7 GeV (the threshold for
the associated production of charmed
mesons) have remarkahly small widths,
typically a few hundred kilovolts or
sinaller, whereas particles with compa-
rable inass were expected to have widths
of several hundred MeV. By now it is
widely helieved that all the J/{ particles
are hound states of a charmed quark and
its antiquark. Further confirmation of
the existence of charm has come from the
discovery of charmed mesons and
charmed baryons.

Richter collaborated on the experiment
witha large team of experimenters led by
himself, Martin Per] (SLAC), William
Chinowsky, Gerson Goldhaber and

George Trilling (Lawrence Berkeley
Lahoratory). The experimenters used
the large solenoidal magnetic detector at
SPEAR, the electron-positron colliding-
beam device at SLAC. It was Richter
who led the drive to construct SPEAR,
after his pioncering efforts with an elec-
tron -electron device done with W. C,
Barber, Bernard Gittelinan and Gerard
K. O'Neill.

The SLAC-LBL i:am had been
studying the behavior of the total ¢ross
section for e*e™ annihilation as a function
of energy, varying the total energy in
200-MeV steps. They abserved an
anomalously high cross section at 3.2 GeV,
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When the California experimenters re-
turned ta this energy region and varied
the energy in much finer steps, using a
nuclear magnetic-resonance spectrometer
to monitor the ring cnergy, they found’ a
cross section for hadron production at
3.105 GeV that was greater than 100 times
the cross section outside the peak. The
full width at half maximum was lcss than
ur equal to 1.3 MeV.

The actual discovery of the particle the
group called “¢(3105)" took place in one
frantic weekend (9-10 November 1974).
By the next day the news had travcled far
and wide. On 21 Navember the SLAC

continued un page 19

Ghioriest wavelength laser from harmonic generation

Records for the shortest wavelength at
which coherent radiation has heen
achieved in the search for an x-ray laser
system are falling with remarkable
speed:

» It was only in June *Lat Henry
Hutchinson. C. C. Ling and Daniel
Bradley (Impeiial College, London) re-
ported' at the Amsterdam Quantum
Electronics Conference that they had
extended the range of generation of co-
herent radiation into the cxtreme ultra-
violet at 570 A,

» After a preliminary paper in August, at
the International Conference an the
Phy<ics of X-ray Spectra, John Reintjes,
Robert Eckardt, Nicholas Karangelen,
Rasmond Elton and Ronald Andrews of

the Naval Research Laboratory (Wash-
ington, DC) and Chiao-Yao She of Colo-
rado State University report ina current
Letter? that they pushed the record down
10532 A,

» Now, at the Tucson meeting of the
Optical Society in October, the NRL
group reported preliminary results indi-
cating they had reached 380 A.

The methods uscd hy the two groups
are quite similar: Both used the nonlin-
ear susceptibilitics of noble gases to gen-
eratc harmonics of an incident laser beam,
These methods are extensions of initial
work donc in 1973 by Stephen Harris and
his colleagucs at Stanford. The hmperial
College group used argon to frequency-
triple the radiation fram a xenon excimer

laser (one in which the active medium
consists of cxcited short-lived Xe, mole-
cules). The NRL group obtained the
fifth (and, in their latest work, seventh)
hatmonic of pulses that were alrcady
fourth armonics of Nd-YAG laser light.
The noble pases they used were helium,
neon and argon, Reintjes told I'HYSICS
TODAY

The NRL experiment. 'The primary ra-
diation wavelength of 2661 A was oh-
tained from the 1.06-micron output of a
Nd-YAG laser by two succcssive stages of
frequency douhling, first in a crystal of
patassivin dihydrogen phosphate and
then in one of potassium dideuterium
phosphate.  The NRL experimenters
then converted this 2661-A radiation of
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the ftth hormeonme by process that can
he pictured as follws

A sequence of virteal transitions of a
wrotnd <tote electron with the alisorption
of five pumpmy photons at 2661 A gen-
crates i dipole moment that causes the
cmission of a single phaton at one fifth of
thedriving wavelength. Such high-order
nonbinear processes tend to be inefficient.
However, the NRL gronp took advantage
of an accidental near-resonanee in neon,
which has a 3p [1%], J = 2, line located
within 12 em~! of four-photon resonance
with the 2661-A mput, which enhanced
the five-photon emission process.  Al-
though this effect tends 1o increaze the
conversion efficiency, the improvement
can be offe< 1 by absorption resulting from
photolonizadon in the neon gas. A simn-
ilar situation exists in the Imperial College
group’s experiment on third-harmonic
generation in argon.

In the NRL team’s expertmental ar-
rangement, the 2661 A beam was focussed
(by a calcium-fluoride lens) toa spot in a
500-micron hole in thegas vacuuin wall,
which took the place of the entrance slit
of a l-m vacuum-uv moenochromatar.
The 30-psec input pulses with a peak
power of 330 MW were furmed by the lens
into a spot 10 microns in radius and with
a depth of 2 mm. later reduced, Reintjes
said. toa 5-micron spot size with adepth
of 0.5 mm (hy switching from a lens of
10-¢in focal length to a 5-cin lens). The
532-A radiation was detected hoth pho-
tographically  and  photoelectrically.
Because for the neon the generated ra-
diation is in the ionizing continuum, ef-
ficient conversion requires that the in-
teraction length (focal depth) be kept less
than the 0.7-mm ahsarption length far a
neon pressure of 40 Torr,

This difficulty was avoided by the NRL
team in the helivin experiment, hecause
there the gencrated photan energy lies
helaw the continuum, radiating from a
level 1760 cin~! abave the 3p state. Al-
though the four-photan resonance is nat
nearly as exact as in neon, the net con-
version efficiency (in the range of 107¢-
107°) was higher in helium. This is he-
cause of its transparency at 532 A, and
becnase its negative dispersion allows
phase matching by a tight-fucussing
procedure. The group has alsa seen
fifth-harmonic conversian in argan at
pressures of 10 Torr, Reintjes told as.

The latest result of the NRL group,
mentioned above, is the generation of the
seventh barmanic of the 2661-A light in
helium.  mrhis experiment, in which the
280-A output vriginited from a level in
the ionizing continuum of helium, the
5-¢in lens was used for focussing. Be-
eause the experimental arrangeinents are
the sne, the fifth and seventh harmonies
are pencrated siimultaneously, but con-
version is considerably less for the sev:
enth-order process.

The tmperial College work. Short wave-
lengths can be obtained not only by going
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The five-photon process in neon, with a
near-resonance at the four-photon level, used
to generate 532-A coherent radiation at NRL.

to higher-order processes but also by
pumping with a laser of shorter wave-
length. 'The Imperial College group did
the latter, making use of the availability
of the xenon excimer laser, which at 1710

is already in the vacuum-uv region. A
single stage of frequency tripling in argon,
enhanced hy two-photon resonance with
the 5p state, was therefore sufficient to
produce the caherent exireme-uv radia-
tion at 570 A. The nariow-hand tunabi.
lity of the Xe. laser made accurate tuning
to the resanance possihle, and the exper-
imenters were able to plot the relative
efficiency of the process as a function of
the laser’s wavelength,

The Imperial College experimenters
pumped with 10-nsec, 15-md pulses with
a bandwidth of 1 A, from the Xe. laser.
With a bartum-fluoride lens of 3-cim focal
length, they focussed the heam just in
front of a 250-micron aperture in the focal
plane of a 1. normal-incidence vacuum
spectrograph.  The bandwidih of the
570 A coherent radiation was an instru-
ment-limited 0.8 A, As compared with
the NRIL. pulses, the longer-duration
lower-power pulses of the Imp. -ial Col
lege experiment make saturation of the
resonant transition less serious, Bradley
said.

Rradley and his collahorators indicate
that coherent radiation at even sharter
wavelengths than theirs could e attained
with other noble-gas-excimer lasers and
appropriate isotropic nonlinear media.

Anather development at limperial
College is the generation of pnlses as short
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Efficiency of third-harmonic generation peaks

at 1709 4 A in argon to produce 570-A coherent

output in an experiment at Imperial College.

as 0.3 psec by 1L S, Ruddock and Bradley.
The extreinely shurt pulses, praetically
handwidth limited, were obtained hy
made lacking a cw dye laser with two
saturahle absorbers. The pulses are sig-

nificant for their hyperbolic-secant-

squared intensity profiles, so that they are
stationary pulses, that is, solitons. This
makes it possible for them to propagate
through materials without changing
shape, accarding to Bradley. Because the
pulses contain only 150 optical cycles (at
6000 A), the Imperial College pulses are
nearly at the lower limit of pulse duration
set by the frequency of the laser. The
arrangement used an argon-ion pumping
laser, a soturalile absorber dyve cell and a
resonant cavity, near the center of which
passed a free- flowing jet of a rhadamine
dye. Such short pulses are useful in the
study of the interactions of matter on a
very short time scale; for example, in ul-
trahigh speed photography, stopping the
motion of erystals and macromolecules.

As pumping lasers of increaslng power are
developed, will it hecame possible to ub-
tain converted coherent radiation of
higher and higher orders, and so of shorter
and shorter wavelengths? Reintjes an-
swered our question with a qualified ves.
It turns out that there are certain effects
that may limit conversion, in particular
electrical lireakdown of the gas. Sucha
breakdown was already seen in Reintjes’s
lah, in neon at 60 Torr. 1n this repion an
increase i pressure (needed for efficient
conversion) lowers the breakdown
threshold.

————
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1sott s rove oy beand to begm at 100
AL come people beliese that coberent x
rave are likely 1o heeome a reality soon,
The uses of sach radiation would include
the study of crystals and hiomolecules,
and  photaithographic techniques for
producing super-miniaturized electronic
IDCTOCITCUNLS. ~~HRL
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New values for boiling
and freezing points

The values assigned to the temperatures
of the boiling point of water and the
freezing points of tin and zinc on the In-
ternational Practical Temperature Scale
of 1968 appear to be significantly higher
than thermodynamic values. The new
measurements, done by Leshie Guildner
and Rohert Edsinger with a very carefully
built gas thermameter at the National
Bureau of Standards, may lead ta a
redefinition of the International Practical
Temperature Scale.

Although experimenters have made
temperature measurements for many
vears with classical gas thermometers,
Ralph P. Hudson, chief of the Bureau's
Heat Division, says ""They were polishing
a slightly rotten apple. We decided todo
it right.” The project began about 20 years
ago, with both Guildner and Edsinger
warking on it almost from the beginning.
Their first determination was the ther-
modynamic temperature of the steam
paint, which they found to be 99.975 °C,
a discrepancy with the 1IPTS.68 (the most
recent revision) of —0.025 °C. Subse-
quently they found the tin and zinc
freczing points to he 231424 °C and
419.514 °C, which are lower than the
values on the 1P T5-68 by 0.045 °C and
0.66 °C, respectively.

The 1968 revision is based primarily on
gas thermometry, the work most imme-
diately preceding being done at the
Physikalische Technische Bundesanstalt
in Braunschweig by Helmut Moser and
Wilhelm Thomas and at the National
Research Council in Ottawa by Hugh
Preston-Thomas and Chris Kirhy.

The NBS results differ from and are
thought to be more accurate than carlier
gas-thermometry values for two reasons:
First. the NBS group developed instru-
1.en ation to allow the highest level of
mer.ology for the measurement processes
~uch as therimal expansion, thermomole-
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NBS preclslon mercury manometer has a total
uncertainty in pressure ratios of 1.5 ppm.

cular pressure and the realization of
pressure ratios, Hudson told us. For ex-
ample, the precision mercury manometer
has a total uncertainty in pressure ratios
of only 1.5 ppm. Second, the effect of
sorption, which is thought to he the
principal source af systematic hias be-
tween the NBS work and earlier gas
thermometry, is believed to be insignifi-
cant in the new results because of a com-
prehensive efford to minimize it.

The next step for the NBS team will be
to ineasure the freezing point of alumi-
num, near 660 °C. Fventually they are
aiming for measurement at the gold point
near 1064 °C 1o incorporate in a new ver-
sion of the IPTS. The latter was revised
in 1948, 1968, and will be revised again in
the not-too-distant future, perhaps as
early as 1983, according to one memher of
the Advisory Committee on Thermome-
try; this group reports to the International
Committee of Weights and Measures.

GBI

Nobel prize

continued from page 17

1.BL group found a second narrow reso-
nance decaying to hadrons, simply hy
scanning the entire region in 1-MeV steps.

‘I'he new resonance had a mass of 3.695
GeV.
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Muach Iater, Richter sande "I s heen
particularly satisfving to have witnessed
the hirth of a new class of particles; the ¥ '
with their unexpected properties.  Every
experimentalist dreams of making the
great discovery - a discovery which will
change the direction of scientific thaught
] don’t know vet if the colliding-beam
machines and the new particles we have
discovered with them will cause a sharp

cbhange in that direction, hut surely they -

have bent it a bit.”

Ting and his Brookhaven-MIT collab.
aratars (Ulrich Becker, Min Chen and
others) had been studying guantum
electrodynamics, photoproduction of
vector mesans and e*e” pair decay of
vector mesans for the last ten years at
DESY, where thev developed techniques
to identify electran-positron pairs from
a background of millions of hadrons.
They started their experiment at the
Brookhaven AGS, searching for new
particles in the reaction p + Be -+ e* + e~
+ X with a precis pair spectrometer that
had a mass resofution of 5 MeV. They
saw a sharp peak at 3.1 GeV with a width
consistent with zero (consistent with their
mass resolution).  They called it the “J"
particle. The peak was first observed in
August 1974, Ting recalls.? The group
decided to make many experimental
checks, such as decreasing the magnet
current. They then spent late October
and the first week in November measur-
ing the anomalous et/r* ratio, hoping
that the J could explain this numher.

On 6 November Ting decided to pub-
lish? the work on theJ. On 11 Novemher
Ting, who was visiting SLAC for a Pro-
gram Advisory Committee meeting, went
to W. K. H. Panafsky’s office and tald him
and Richter of the MIT results.  Richter
reciprocated with the SLAC-LBL results.
Within a short time the Adone storage
ring in Frascati alsa discovered the J/y
particle. “It was the shot heard ‘round
the world," at least in the circles traveled
by particle physicists.

Biographies. Richter earned his BS and
PhD at MIT. In 1956 lie went 1o Stan-
ford University and in 1963 joined the
staff of SLLAC, where he has heen a pro-
fessar since 1967.

Ting got his hachelor's and doctorate at
the University of Michigan. In 1963 he
went to CERN and then joined Columbia
University's physics department the fol-
Jowing vear. He went to MI'T in 1967,
where he became a professor in 1964,
Since 1966 Ting has been doing experi-
ments at DESY. GRL
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Review and Status of X-Ray Laser Research

Ronald W. Waynant
U. S. Naval Research Laboratory
Washington, D, C. 20375

The possibility of developing lasers in the x-ray region of the
spectrum has attracted serious attention over the past few years., This
attention has occurred for several reasons: (1) the success of generat-
ing vacuum ultraviolet laser wavelengths as short as 1100 R; (2) the suc-
cess of nonlinear tripling and mixing processes to up-convert existing
laser frequencies to attain wavelengths as short as 887 k; (3) the con-
struction of extremely powerful laser systems to study laser fusion; and
(4) the occurrence of results which have been attributed to stimulated
emission from several x-ray experiments., Along with these developments
numerous ideas for advancements have been made, This discussion collects
the last results and proposals and places them within the framework of
basic x-ray laser theory. Limitations of experimental technology and the
lack of needed theoretical data are discussed.

Construction of lasers below 1000 & is impeded by the lack of con-
ventional optics. Window and reflector materials are used to make reso-
nators in the visible, but below 1000 & no material transmits until the
10-50 & region is reached and the reflectance of metal coatings is usu-
ally below 50%. It is possible to use Bragg reflectors, but these are
very difficult to align in practice. Distributed feedback also would be
a possibility for obtaining resonance in an x~-ray oscillator, but the
intense pump power required may destroy the delicate lattice spacing re-
quired. Because of these practical limitations x-ray lasers are likely
to resemble the single-pass, high-gain, mirrorless amplified spontaneous
emission (ASE) lasers developed in the uv and vuv. Further study of the

general properties of ASE lasers likely will indicate the operating char-
acteristics of x-ray lasers.

Single-pass lasers of length L have gain given by exp (L) where q,
the small signal gain coefficient, is given by

. AN

= 8mv °
Here ) is the wavelength, Ay is the linewidth in frequency units, A is
the transition probability, and N is the inversion density. Substituting
the wavelength dependency for Doppler broadening, the gain factor scales
approximately as \3. The pumping power per unit volume (W-cm™3) scales
as )"%. Typical values for g = 5, L =1 cm and particle velocity of
107 cw/sec are shown in Table I. This table shows the extremely high

- TABLE I . b ol S Tmd
A[A] 1 10 100 1000 2000

P[W-cm™2] 10® 1018 101 107 10
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pover densities required in the 1-10 i wavelength region. At present
only high-power focused lasers can approach this power density,

The rate coefficients for energy transfer depend on the specific
pumping process involved. Most of the excitation processes have rates
which scale inversely with wavelength, the exception being resonance
charge transfer, The use of metastable states to store excitation prior
to rapid transfer to radiative states may alleviate the requirement for
rapid excitation,

Perhaps the most important pumping process is electron collisional
excitation., All of the vacuum ultraviolet lasers gencrated have been
excited by electron collision, primarily collisions with molecules. 1t
does not seem likely that molecules can be used in this manner to produce
wavelengths much below 600 A, however, Progress toward x-ray lasers will
involve collisions with ions. One such proposal utilizes the eclectron-
collision excitation process to invert the 3p-3s levels in ions. Since
this transition has lifetimes connected with it that make lasing rather
easy to produce in the visible and near uv, it may be possi®‘'z to reach
short wavelengths by following the isoelectronic ion sequence to higher
stages of ionization. For example, the 3p-3s transition of U °° gives
a wavelength of 11 R,

Various electron attachment processes can lead to population inver-
sion., Three-body collisional recombination preferentially fills upper
ion ‘levels leading to population inversion with respect to the lower
levels. This process is dependent on rather high densities to achieve
a high pumping rate and may be best achieved in laser-produced plasmas,
Some observations of population inversion in expanding laser plasmas
have already been made, Dielectronic capture, where a free electron is
captured and a second electron excited, is a possible means of creating
a prpulation inversion. Charge transfer interactions proceed as

1t + A 1("1>+(n*) gt wung,

where an ion, I*", interacts with a neutral atom, A, reducing the ionic
charge, z, by removing an electron from A and promoting the remaining
ion to an excited level, n*, Charge transfer occurs spontancously only
when the defect energy, AE is exothermic, Stimulated charge transfer
with the defect energy supplied by a laser also has been considered,
Charge exchange experiments are presently underway.

Photoabsorption has been considered for the jproduction of a popula-
tion inveision because of the possibility of tuning the pumping source
to produce a specific innershell vacancy. Both Kg and full-shell vacan-~
cies in alkalis have been . “udied. The alkalis have the advantage of
only one outershell electron wad therefore no Auger effects, The analy-
sis of both the alkalis and the Ka laser proposals are positive provided
photoionization losses of the laser frequency can be minimized and pro-
vided a strong pumping source can be fcund, Such a source could come
from a suitably tailored laser-produced plasma,
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Other means of possible x-ray laser production include the use of
nuclear transitions and the use of stimulated Cowpton scattering. Seri- !
ous consideration of nuclear transitions is definitely increasing and
could produce an early breakthrough if methods are found to reduce the
lifetime of long-lived isomers or if the shorter-lived excited nuclei
can be rapidly assembled into a laser configuration. Stimulated Compton
scattering has also received increased attention, but the attainment of
wavelengths much below 200 X does not seem possible due to the present .
limitations of electron and photon beams, t

It must be pointed out that the verification of gain becomes very
difficult in the far ultraviolet and soft x-ray rcgions. This is es- [
pecially true for the very small, single-pass lasers anticipated, Tech-
niques for the verification of gain will likely require the ability to i
vary the length or other geometry of the gain region as well as the abil- L
ity to control the pumping intensity. Methods of examination for gain
can follow those used for single-pass longer-wavelength vuv lasers, but
it is essential that gain be measured to insure that laser action 3is

| present.

k

E
Many of the above difficulties can be avoided by starting with a t
powerful infrared laser and using the nonlinear susceptibility of vapors '
to generate harmonic frequencies or to sum several frequencies. These
techniques avoid thke pumping intensities required at shorter wavelengths {
and transfer much of the high-quality spatial and temporal characteris-
tics from the infrared to the far ultraviolet. The extremely low effi-
ciencies associated with nonlinear processes have been improved greatly
by using materials with resonances near the incoming laser frequencies
or their harmonics. Wavelengihs as short as 887 & have been generated, 4
and mixing of tunable visible or near uv wavelengths has produced tunable [
vacuum uv in the 1000-2000 } region. Conversion efficiencies range from
1072 to 1077 for these processes. Some prospects exist for the genera- 1
tion of shorter wavelengths via nonlinear processes employing higher- !
order harmonics in ionized vapors. It may also be possible to start with 2
high-power vacuum-uv lasers rather than infrared lasers., Nonlinear pro-
cesses will be available for mixing and tuning of x-ray laser wavelengths
when these lasers are developed,

While it is difficult to predict the impact that an x-ray laser is
certain to have on future research, it is likely to be most valuable in \
materials research., 1Its coherence will be valuable in producing x-ray
holograms having high resolution., Its temporal and spatial properties
also will be quite valuable in many areas., It is likely that the most |
important applications have not been anticipated at this time,
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£-3 Study of Expansion Characteristics of Laser

Produced Plasmas Using a Micro-Interfernmetry*. J. F,
REINTJES, T, N, LEE, R. C. ECKARDT, R, C, ELTON, and R,
A. ANDREWS, Naval Research laboratory--High quality in-

terferograms of laser produced plasmas wvith spatial res-

olution of 15 microweters are obtained using a rel-

atively simple Jamin-type in‘erferometer and a precisely-

timed 30 ps probing laser p.lse frow & mode-lncked

Nd:YAG laser, frequency dotbled to 0,53 um. The spatial

resolution attainable wit', the present arrangement is
limited by the velocity ,f the expanding plasma and the
finite duration of the ,robing pulse, The plasmas are
produced by focusing # Nd:glass Q-switched laser pulse
0.5 6w, 1011-1013 w-cts cn=2) onto slab targets of
AL, Mg, and CHz. “ime-dependent behaviors of electron
density distrib .fon plisma dimension, and expansion
velocity for voth roint and line fnei ate mide as a
function of time delay between the mode-locked and the
Q-switched laser pulses, The results thus obtained
with different durations of the heating (Q-switched)
pulse and with the various target materfal are cowmpared
*"Work supported by DARPA Order No, 2694,
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COMPARISON OF EFFICIENT HARMONIC GENERATION l
FROM 532 nm TO 266 nm IN ADP AND KD*P

J. F. Reintjes and R. C., Eckardt
Naval Research Laboratory
Washington, D C. 20375

ABSTRACT

Second harmonic generation in ADP and KD*P from 532 nm to
266 nm with 85% conversion is reported. Effects of nonlinear

absorption and crystal length on high-level conversion are

investigated.
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COMPARISON OF EFFICIENT HARMONIC GENERATION
FROM 532 nm TO 266 nm IN ADP AND KD*p+

J. F. Reintjes and R, C. Eckardt
Naval Research Laboratory
Washington, D.C. 20375

Efficient generation of the fourth harmonic Neodymium lasers provides a
convenient source of high-power ultraviolet pulses for a variety of experiments.
Significant discrepancies lLave been reported, however, between maximum experi-
mental conversion efficiencies in 90° phase-matched ADP, which are typically
30%, and corresponding theoretical predictions of 60-80"/,.1 These differences
have been ascribed to such varied processes as linear or nonlinear absorption
at 266 nm, distortion of the phase matching condition resulting from optical
absorption or imperfect phase matching.,2

Using mode-locked pulses from a Nd YAG laser we have measured various
aspects of fourth-harmonic generation and nonlinear transmission at 266 nm
in KD*P and ADP. Our results demonstrate that hLarmonic conversion efficiencies
approaching the theoretical limit can be obtairsd when the full spectral width
of the pump pulse (X = 532 nm) is phase matchied, but that conversion is limited
by parametric interactions between the pump and harmonic pulses (A = 266 nm)
when the phase matching is incomplete,

Conversion efficiency measurments were made by monitoring the incident
and transmitted pump pulses along with the harmonic pulse, thus allowing
limiting processes due to nonlinear absorption to be distinguished from those
due to incomplete phase matching. Conversion efficiency was observed to
increase with crystal length until the spectral width of the phase matching
peak became comparable to that of the pump pulse Q.9 % in our experiments)
and decreased for longer crystals. This result indicates that the major
limitation on high conversion of picosecond pulses is group velocity dispersion
between pump and harmonic pulses. This effect is further confirmed in spectral
measurements which clearly show the restricted phase matching which occuis in
longer crystals. In these experiments ADP and KD*P gave virtually identical

results,

“Supported by the Defense Advanced Research Projects Agency, DARPA Order 2694
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", ..Efficient Harmonic Generation...," J. F. Reintjes and R. C. Eckardt

Conversion efficiency was then measured as a function of pump intensity
in 4 mm samples of both materials (Fig. 1). Energy conversion up to 85% was
observed in ADP (80% in KD*P) with pump intensities of 8 x 109 W/cmz. Com-
parison with theoretical expectations for conversion of a monochromatic
plane wave weighted with Gaussian spatial and temporal distribution shows
excellent agreement and indicates we have actually achieved the theoretical
limit of conversion at these powers.

We present the first quantitative measure of nonlinear absorption at
266 nm in these materials., Values of the two-photon absorption coefficient
were 6,5 X 10‘11W/Cm for ADP arnd 1.5 x 10-11 W/cm for KD*P. The linear absorp-
tion coefficient was .035 c:m-1 for both materials. These results indicate
that optical absorption is negligible in limiting high-conversion harmonic
generation of single pulses in short crystals, although it can be significant
in longer crystals used as parametric converters.

Finally, we report observation of the effects of parametric interaction
between the pump pulse and the harmonic pulse which occur in longer crystals
and result in the generation of spectral structure and new frequencies which
appear as sidebands cn the transmitted pump and harmonic pulses (Fig. 2).

Time-dependent calcu itions, which include the effects of group velocity
dispersion and phase modula.ion on these effects, are presented and compared

with the experimental results.

1. K. Kato, Optics Comm. 13, 361 (1975).
2. V. D. Volosov, V. N. Krylov, V. A. Serebryakov, and D. V. Sokolov,
JEIR Lgkt. 194 23 (1R74).
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"o..Effigint larmonic Geperation., " J. F. Reintjes and R.C, Erkarvdt

LOF gl i
MONOCHROMATIC —

PLANE WAVE

PLANE WAVE
GAUSSIAN IN TIME

GAUSSIAN IN
TIME AND SFACE r

e

CONVERSION EFFICIENCY

PEAK INTENSITY (W/cmt)

Fig. 1 - Energy conversion vs pcak ircident pump intensity in 0.4 cm ADP .
and KD*P. Theoretical curves are calculated for ADP, accounting
for profiles of the pump in time and space as indicated, Data
agrees well with a spatial profile betwcen a square top and a
Gaussian, which is representative of the beam uzed for measurcments.
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Fig, 2 - Spectral distribution of incident and transmitted pump and harmonic
pulscs in 2 cm KD*P showing partial conversion of the pump (A)
and resulting structure in the transmitted purp (B) and harmonic.
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GAIN CALCULATIONS FOR ELECTRON COLLISION PUMPED X~RAY LASERS*

Lo Jo Palumbo
Naval Research Laboratory
Washington, D.C, 20375

A steady-state computer model for estimating atomic level population
densities and short-wavelength laser gain has been developed and applied
to electron-collisionally pumped, single-ion, quasi-cw lasing schemes in
the carbon-like and helium-like isoelectronic sequences, The carbon-like
scheme is an isoelectronic extrapolation to highex atomic number ions and
shorter wavelengths of transitions observed [1] to lase in the near UV,
The analysis described here is a detailed extension of previous analyti-
cal estimates [2] for 3p - 3s lasing following electron collisional pump-
ing from a 2p ground-state reservoir; important refinements jaclude the
addition of ifonization equilibrium and radiation trapping, extension to
high densities [3], the inclusion of more energy levels and more wixing
transitions, and the solution for the relevant population densitics by
simultaneous rate equations.

Because of the close similarity between the carbon-like scheme and
another electron-collisional pumping scheme involving 3s - 2p lasing
(collisionally pumped 1ls - 3s) in the 10-50 } range in moderate-Z helium-
like ions, the computer code developed for the carbon-like ions was also
used with minor modifications to model this two-electron scheme,

In both of these schemes, the lower laser term is rapidly depleted
by spontaneous dipole emission into the ground term, while the upper
laser term can decay spontaneously only via the lasing transition and is
pumped from the ground "reservoir." Such "single-ion" schemes in which
the relevant levels are all the same ionization stage result in a nain-
tenance of population inversion independent of atomic lifetimes and ionic
regeneration; thus, gain occurs for as long as appropriate plasma condi-
tions can be maintained, and the population inversion is said to be
quasi-cw.,

A set of steady-state rate equations, each of the form

dN
'—&—ti = 0 =Z- Nk ij L7 Nj ij,
k] k]

was solved for the population densities, Nj, of the levels corsidered in
the present model. The W's in this equation represent the races for
appropriate atomic processes involving transitions between levels J and k
and include ¢ ectron collisional excitation and deexcitation, electron
collisional ionization and (three-body) recombination, spontaneous photo-
emission, photoabsorption (through an escape-factor treatment of radia-
tion trapping (4], and radiative recombination. Photoionization and
transitions induced by ion collisions were negligible in all important
cases considered here. In order to allow efficient computation, simple
analytical estimates [5), [6] and semi-empirical fits [7] were used to
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derive rates needcd in the above equations, and the necessary enexgy-
level spacings and oscillator strengths wexe extvapolated from published
tables [8] by scaling appropriately with atomic nuwber. For both the
carbon-like and the helium-like schemes, a set of rate cquationa was
solved for the population densities of five levels which included the
term (3d D in C-like ions and 3p P in He-like ions) most strongly col-

lisionally coupled to the upper iaser term and also strongly coupled by
dipole enmission to the ground reservoir term,

the ground term of the
lasing species, and the ground term of the next higher jonization stage,

l [ l I........., —er —.-_....-_]._... - ﬁnmm‘t

3p-~3s LASING IN

i CARBON-LIKE 10NS
PR KTe = KT} =Y Lp.
L=104d 5

10}~

a Ne =109 can-3, d = 30 mm
b: 1029, 10
c 102, 01
dd 1022, 001 ’

) L 11 1 i1 VO
1500 1000 700 500 . 400 350

WAVELENGTH (A)
.01 : : *

10 15 20 25 30 35 40
ATOMIC NUMBER

FIGURE 1. Computed product of gain coefficient, q, tiues plasma length,
L, versus atomic numbar for ions of the carbon isoclectronic sequence at
a temperature of one-fourth the ionization potential (for most cases),
Solid curves are plotted for various practical electron density (N )/
plasma diameter (d) combinations. The required plasma particle kinetic
encrgy plus ifonization encrgy is indiczated for cach curve, The dashed
curve indicates the strong effect on curve (b) of varyin; the 3s - 3p
collisional mixing rate by decreasing the effective Gaunt factor from
0.75 to 0.2, Also, the effect of increasing the electron temperature by
a factor of four while limiting the ionization rate to maintain an abun-
dance of the carbon-like species equal to one-third the total ion densi-

ty (as might be the case in a transient heating phase) is indicated for
curve (a) by the dotted curve,
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Computations were performed for a variety of electron deusities
and plasma diameters (the size alters the populations through optical
depth effects) selected to model conditions presently attainable by
plasma discharges or by high-power laser/target interaction., Tor wost
of the carbon-like runs, a temperature of one-fourth the ionization po-
tential was selected to assure adequate abundance of the lasing species
while still maintaining a high Zp - 3p pumping rate. Some typical gains
calculated for carbon-like ions in a cylindrical plasma of length ten
times its diaweter are shown in Fig. 1, where curves (a) and (b) repre-
sent plasmas created in high-density discharge devices and curves (c)
and (d) are typical of smaller high-density laser plasmas. Similar
curves generated for helium-like ions under a variety of conditions
exhibit population inversion on Js - 2p transitions yiclding lasing in
the 10-50 A range, but the computed gains in plasmas of xeasonable length
are two to threce orders of magnitude less than those shown in Fig. 1.

#Supported in part by the Defense Advanced Research Projects Agency,
DARPA Order 2694,

[1] Y. Hashino, et al., Jap. J. Appl. Phys. 11, 907 (1972); 12, 470
(1973).

{2] R. C. Elton, Appl. Opt. 14, 97 (1975).

[3] R. C. Elton, in Progress in Lasers and Laser Fusion, eds., B.
Kursunoglu, A. Perlmutter, and S. M. Widmayer (New York: Plenum
Press, 1975)..

[{4] T. Holstein, Phys. Rev, 72, 1212 (1947); 83, 1159 (1951).

[5] R. C. Elton, in Methods of Experimental Physics, Volume 9A, Plasma
Physics, eds., H. R. Griem and R. H. Lovberg (New York: Academic
Press, 1970) Chapter 4.

[6] H. R. Griem, Plasma Spectroscopy, (New York: McGraw-Mill, 1964).

{7] H. J. Kunze, Phys. Rev. A 3, 937 (1971).

[8] W. L. Wiese, et al., Atomic Transition Probabilities - Volume I:
Hydrogen through Neon, NSRDS-NBS-35 (Washington, D.C.: U.S. Govern-
ment Printing Office, 1971).
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Optical Sciences Division, Naval Research Laboratory
T {institation)
Washington, D.C.
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lU!parlm!n-f-IV

20375

{State) (Zip)

_/._\:I:I;;btr) {Strecet)

The near field, far field and focusing patterns of vacuum ultraviolet

lasers become important when ineraction applications are contemplated,

Time- integrated studies of the emission patterns from hydrogen at 1600 X

and at 1160 1, from €O at 1800 X and from C IV at 1550 1 have been made
vhen these gases were excited by a fast-rising, traveling-wave discharge

produced in a flat-plate Blumlein laser. Near-field and far-field Intensity

distributions wers recorded on photographic £ilm using bandpass interference

filters and LiF optics. The inteansity patterns show a surprisingly com-

plicated structure which proved partially attributable to reflection and

juterference effects from the dielectric insulator which was tangent to

the discharge electrodes. Placement of a rough, non-reflecting dielectric

surface over the polyethylene insulator did not completely eliminate the

structure. Addition of a second dielectric surface to constrict the dis-
charge from above helped produce some smoothing of the intensity distribu-

tion and enabled high-pressure (> 300 Torr) operation of I, with an

accompanying higher power. This constriction made no improvement in the

output of the other materials.

Annual Meeting of the Optical Society of America; J. Opt. Soc. Am. (1976)
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Abstra.t Submitted
For the laternational Conference on the Phvsice of
X-ray Spectra

Aug. 30 - Sept., 7 1976

n X-RAY EMISSION SPECTRA FROM A HIGH_ POWER-DENSITY PLASMA

Tong-tyong Lee

U.S, Naval Research Laboratory
Washington, D,C., 20375

ABSTRACT

. lager,triggered vacuum spark digghargel generates one or more small
(10 -10 "cm”), high temperature (~ 10" K) plasmas, The Xx-ray energy density
(in both linesand bsemsstrahlung radiation) in such_g plasma volume reaches a
value °f5~ 107 3/ in a time interval of about 10 ~ sec, giving a power density
of ~ 10"~ watts/cm .. R-x-ray emission spectra obtained from the plasma include
a nimber of Ko -type (2p -+ 18) transition lines arising from Fe II thro gh
Fe XXI11 ions in addition to,relatively strong He-like Fe XXV 1s2p = 18" and
Li-1ike Fe XXIV 1s2{2p — 18“28 transitiod lines. Particularly strong is what
appears to be a blend of K& -type lines arising from ions in stages below Fe XVIII.
The purpose of the study is to identify the particular stages of {onization whict
contribute predominantly to this Ko -line blend. The line intensity ratios
between K& (2p — 1s) and Kg (3p — 1s) type transition lines are determined
respectively from the x-ray spectra which are obtained using a flat LiF crystal
diffractometer. Since the minute plasma often accompanies less hot plasma
components, a gpatially resolved spectrum with a single discharze erposure is
required in order to avoid ambiguity. Present resulta suggest that the sirong
blended feature Emigted bg tbe gigh energy-dcnsity plasma is predominantly due
to Pe XVITT 1823 2p - 18°25 2p” transitions as evidenced by unusually weak
K § -type lines. The upper state of this tranuition 1s believed to be populated
by the innershell ionization of the closed shell Ne-like Fe XVII ions rather than
the dielectrenic recombination process because of the extremely weak Fe XIX-K& line.

lT. N. Lz, Astrophys. J. 190 467 (1974)

T. N. Lee

Code 5520

Naval Research laboratory
washington, D.C. 20375
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n from 532 om to 266 nm in ADP"

wTime-Dependent Calculations of Harmonic Conversio
MTime-Depenc et e e o o A
(Title of paper. Capitalize wnly the first letier of rach principal word.)

bl

__R. C. Fckardt and 1. Reintjes.._.._.. ...

P ,~.“47-W...m__.___ e

_Optical Sciences Division, Naval Research Laborator :
ytical ociences L 17°2 Triation) poratiody. — |

__Washington, D.C. 20375

= (City) “(State) (Zip)

(D partment)
Z\lwnb}r; ) (Sln'cl)— .

Time-dependent calculations of harmonic generation with dispersion and

depletion of the pump pulse are presented, Conversion of intense, 30 psec duration

pulses from 532 nm to 266 nm in ADP is considered. Numerical solutions of the

coupled propagation equations for harmonic generation were obtained using a

second-order Runga-Kutta method and fast Fourier transforms. 7The difference of
j

group velocities causes the more slowly propagating harmonic pulse to '"walk through' j

the fundamental pulse, The presence of phase modulation on the input pulse or
;

cintral frequency phase mismatch then disturbs the phase relationship between

harmonic and fundamental, causing the harmonic pulse to drive the fundamental

pulse through the inverge paranetric process. The result is limitation of con-

version efficiency, gencration of new frequencies, aud distortion of both the

harmonic and transmitted fundamental pulses. The calculations showed that either

intensity-dependent phase modulation with a peak value of 0.4n or phase mismatch

of A & =0.1x cm-'1 would reduce conversion efficiency of a 109 w/cm2 peak intensity

pulse to 267% in a 2 cm crystal length after a peak conversion of 88% had been

st

reached at 1 cm crystal length. Only in the case of perfect phase matching

with no phase modulation does the conversion efficiency increase monotonically.

;
|
} Annual Meeting of the optical Society of America; J. Opt. Soc. Am. (1§76)

[ ]

142

s i ' " 5 i I i
o B Nt N i | W s
e . e s - ot



S L

SUMMARY

(TYPE DOUBLE SPACE IN A SINGLE PARAGRAPH. ADDRESS SHOULD BE AS
BRIEF AS POSSIBLE, BUT SUFFICIENT FOR POSTAL SERVICE.)

(litle of paper. Capitolize only the first fetter of cach principal word )

l” i] "lligh-Efficiency Harmonic Conversion to 266 nm in ADP and KD*p'"
J

»Reintjes (introduced by R, C. Eckardt) and R, C. Eckardc.
(Author) & = N T § 7 . S —_ Tz F Nt g

Optical Sciences Division, Naval Research Laboratory
.lllrpar'lm('_r—nj B (Institution)

i _ __Washington, D,C. _ 20375
T (Street) (City} (State) (ip)
e
We present results of an experimental study of high-efficiency seccond-

(Nu mbrr)_—.

harmonic generation in KD*P and ADP from 532 nm to 266 nm using frequency-
doubled pulses from a mode-locked Nd:YAG laser. We have made measurements of
conversion efficiency as a function of crystal length, input power, and wave-

length, and have investigated the effects of nonlinear absorption and phase

modulation on conversion efficiency, 1In addition, we present the first quanti-

tative measurements of two-photon absorption at 266 nm in these materials,
Measurements of conversion vs crystal length show decreasing efficiency beyond

an optimum length. Such ohservations have been used elsewhere fo infer the

1]

importance of nonlinear absorption. Our simultaneous measurements of transmitted

fundamentai and harmonic energies show no evidence of optical losses. Spectral
measurements show that the limited conversion in long crystals (£ > 1 cm) is
due to group velociEy dispersion in the crystal combined with small amounts of

phase modulation on the pump pulse. Conversion was then measured in short

crystals where these effects are minimal and efficiency up to 85% was observed,

The measurements are in excellent agrecment with theoretically calculated

conversion efficiencies. Measurements of two-photon absorption shows that it

should not be effective in limiting conversion below about 80%.

Annual Meeting of the Optical Society of America; J. Opt. Soc. Am. (1976)
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Abstract Submitted. ‘

for the 18th Annual Plasma Physics Meeting of the f
American Physical Scciety

Nov., 15-19 1976

Physics and Astronomy Bulletin Subject Heading
Classification Scheme in which Paper should be placed _
Number 52.70 32. Diagnostics i !

X-Ray Spectra of Multiply Ionized jligh-Z Atoms From
a Vacuum-Spark Plasma. T. N. LEE and R. C. ELTON, Naval
Research Lab.--Newly observed x-ray emission lines aris-
ing from highly stripped high-Z atoms are obtained from
a single-discharge spectroscopy on a laser-pulse trigger-
ed two-electrode vacuum spark dischargel. The spectra
obtained include the H-like Lyman-2 line of the Zn XXX :
jon as well as the He-like resonance line of the Zn XXIX
ion and its satellite lines. Because of the rare occur-
rence of such ions, these lines hcve apparently been ob-
.scured in previous multiple exposure data. The x-ray
spectrometer used consists simply of a LiF analyzing
crystal and a slit (150-500 um in width) placed at the
x-ray window and oriented perpendicular to the discharge
axis in order to obtain spatial resolution. The spectra
were recorded on Polaroid film in a XR-7 mount. The
spectral lines arising from highly ionized atoms origi-
nate from one or more minute plasras (£ 25 pm in size)
with a power density as high as 10°° W/ecm®. The proba-
bility of forming such minute plasaa in a discharge is
found to decrease rapidly with the increase of atomic
number of plasma ions. :

1T, N. Lee, Astrophys. J., 190, 467 (1974).

Submitted by
; ‘77; ')(j.»k

T.:N, LEE

Naval Research Laboratory, Code 5520

Washington, D.C. 20375

l Note: We would like to present this paper as a ten-minute talk.
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POSTDEADLINE ABSTRACT

To be presented as part of first review paper in Session 11

Observation of Coherent Radiation at 53,22 nm
by Fifth Harmonic Conversion*

J. Reintjes, R. C. Eckardt, C. Y. She,
N. E. Karangelen, and R. A, Andrews

Naval Research Laboratory
Washington, D.C. 20375

|
|
I
We report observation of coherent radiation at 53.22 nm, the
shortest wavelength at which coherent radiation has been reported,

It was generated in He and Ne at pressures of 40 torr by four-

photon, resonantly enhanced fifth harmonic conversion of wode-

locked laser pulses at 266.1 nm (the fourth harmonic of a Nd:vAG |
laser). The pump radiation was focused with a 10 cm cai: ' um i
fluoride lens to a spot size of ~ 10 pum at the center of a 500 ym

diameter aperture which replaced the entrance slit of a normai

incidence vacuum spectrometer. The radiation at 53.22 nm ras |
observed both photoelectrically (with an EMI photomultipli

sodium salicylate scintillator) and photographicallv ¢ n Kodak

101-01 film). The estimated conversion efficiency . . in the range

of 107 for a focused intensity at 266,1 nm of 3 % 10%“ W/enf ,

The generation of coherent radiation at 38 nm with seventh order

mixing processes will also be discussed,

*This work was supported in part by tlie Defense Adv

ance Research Projects |
Agency under DARPA Order 2694,
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"Generation of Coherent Radiation at 38 nm and 53 nm
Using High-Order Optical Nonlinearities'®

J. Reintjes (introduced by R. C. Eckardt), C. Y. She, R. C. Eckardt,
N. E. Karangelen, R. C. Elton, and R. A. Andrews

Naval Research Laboratory

Washingten, D.C. 20375

The generation of coherent vacuum ultraviolet radiation by means of

opizical frequency upconversion using third ord.r nonlinearities has attracted

considerable interest in recent years. The use of higher order nonlinear
processes is especially attractive for the generation of coherent radiation
at wavelengths in the extreme ultraviolet because such interacticns allow

' rger steps along the frequency scale to be taken. Recently, we have
reported preliminary observations of coherent light generated at 53.2 nm

by fifth harmonic conversion of laser pulses at 266.1 nm. In this paper

we announce the extension of available coherent radiation teo 38.0 nm through
seventh harmonic conversion of the 266.1 um pulses in helium. This is the
shortest wavelength coherent radiation reported to date, In addition, we
describe further investigations of the fifth harmonic couversion at 53.2 nm,
The conversion efficiency is now ia the 10_5 to 10_6 range, about ten times
larger than our earlier measurements. We have observed fifth harmonic
conversion in argon in addition to helium and neon, with signal strengths
comparable to those generated in neon. Finally, we report the generation of

coherent light at 59.1 nm in helium, resulting from a combirition of four

photons at 266.1 nm and one photon at 532.2 nm.
*Work suﬁbo}hed_gh‘sart by Defense Advanced Rescarch Projects Agency
under ARPA Order 2694.
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SUMMARY

“"Generat .on of Coherent Radiation at 38 nm and 53 nm
Using High-Order Optical Nonlinearities"*

T P4 o i

J. Reintjes, C. Y. She, R. C. Eckardt,
N. E. Karangelen, R. C. Elton, an? R. A, Andrews
Naval Rescarch Labo: Sy l
Washington, D.C. 2 ° I
Optical frequency upconversion has proven to be an important method
for generating coherent radiation in the vacuum ultraviolet region of the
Spectruml. Third order processes (chiefly third harmonic generation) !
have been used to generate .oherent light at wavelengths as short as
2 A ; ot :
57 nm . The use of higher order nonlinearities nas been proposed for
generation of light at still shorter wavelengths since such interactions

allow larger steps along the frequercy scale to be made in a single con-

version process ,

In this paper we describe experimental investigations of fifth and E
seventh order frequency conversion processes in the rare gases. We report

the generation of coherent radiation at 38.0 nm in helium through seventh

R e T

harmonic conversion of laser pulses at 266.1 nm. This is the shortest

T

wavelength coherent radiation reported to date. This work also represents

the first observation of a seventh order frequency conversion process.

: 4 e . . ;
We have previously reported preliminary observations of fifth harmonic
conversion of the 266.1 nm pulues tc 53.2 nm in helium and neon. Here we
described a more detailed study of this process, reporting an increase of
tenfold in conversion efficiency and extension of our observation to
conversion in argon. Finally, we report the generiation of more frequencies
in this region of the spectrum through six wave mixing processes utilizing

other harmonics of the Nd YAG laser radiation.

“Work supported in part by Defense Advanced Research Projects Agency
under ARPA Order 2694,
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The pump pulses for these experiments were derived from a mode-locked
Nd:YAG laser operating at 1.06 um followed by two successive stages of
second-harmonic generation with about 70% conversion in each stage. Quartz
prisms were used to separate the fourth-harmonic pulses from the fundamental
and sccond-harmonic pulses. The pump pulses entered a sample cell through

a MgF., window, The cell was attached to a 1 m normal incidence vacuum

2
spectrometer which was equipped with a 1200 g/mm aluminum grating. A Can
lens was used to focus the radiation at the center of a 500 pm diameter
aperture which replaced the entrance slit of the spectrometer. The gas used
for nonlinear mixing was flowed into the cell and was differentially pumped
behind the entrance aperture. The energy in the pump pulses was measured
with a calibrated joule meter after the focusing lens, indicating a peak
power of 330 MW.
In our previous experiments on fifth harmonic conversion to 53.2 nm
we recorded the fifth harmonic signal on Kodak 101-01 film through a
single 1200 R thick Ag filter. In the current experiments we have used
an EMI 9750 QA photomultiplier and a sodium salicylate scintillator along
with two Af windows for detection. The photoelectric detection allows us
to obtain quantitative comparison of signals and is more sensitive than
tte film at 38 nm where the reflectivity of the Ag grating is quite low.
Seventh harmonic conversion to 38 nm was observed in helium at a pressure
of 60 torr with a focused beam intensity at 266.1 nm of about 1015 W/cmz.
Helium is of course transparent to the pump radiation at 266.1 nm while
the generated radiation lies in the photoionizing continuum approximately

-1 . ; o ; :
65000 cm = above the discrete series limit., The absorption cross section
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of 4 Mb at this wavelength results in an absorption length of 1 mm, slightly
longer than the confocal parameter of 0.5 mm of the pumping beam.

A coarse survey with a 2 mm exit slit showed radiation only in a narrow
region near 38 nm. Wavelength identification was then done by varying the
spectromel.er wavelength setting around 38 nm while using an exit slit width
of 150 um, corresponding to a full spectral width of about 0.1 nm. Absolute
calibration of the spectrometer dial to an accuracy of + .05 nm was done with
a He discharge spectrum. Photoeiectric signals were observed when the spec-
trometer was tuned to 38.02 nm. No signals were detected when the spectrometer
was tuned by .07 nm to either side. This behavior indicated that the observed
radiation consisted of a single narrow line at 38.02 nm, in good agreement
with the expected value of 38.03 nm. No signals were observed either when
the cell was evacuated or when the helium pressure was dropped below 40 torr.
A preliminary survey also showed no retectable seventh harmonic signals in
neon.

We have also extended our study of fifth harmonic conversion to 53.2 nm
in the rare gases. Conversion efficiency in helium is now in the range of 10
to 10-5, abouf: ten times larger than our original measurements. This increase
was obtained through use of a shorter focusing lens, which raised the focused
intensity to 1015 W/cmz. We have also observed fifth harmonic conversion in
argon in addition to helium and neon. There is a near three photon resonance
in argon between the pump radiation and the 3p6 - 3d[3%]°J=3 transition.
Conversion in argon appeared to be comparable to that in neon.

It is possible to genciate other wavelengths in this region of the XUV

through six wave mixing processes utilizing other harmonics of the Nd:YAG
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laser, As a preliminary step in this direction we have successfully

generated the eighteenth harmonic of the YAG radiation at 59.1 nm in neon. This
was done by cowbining four photons at 266.1 nm with one photon at 532.2 nm

in Ne. This wavelength lies in a transparent region of the neon spectrum

below the continuum. For these measurements, the dispersing prisms were
removed and the entire beam was sent into the spectrometer. The experi-

mental detection was done with the photomultiplier in a mauner similar to

that described {[or seventh harmonic detection. Again a single narrow spectral
feature was observed centered on the expected wavelength of 59.1 nm. The -
conversion level was below that for the fifth harmonic, presumably because

of the reduced intensity of the laser second harmonic at 532 nm.
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Requircments, Methods and Results for Absolute Radiometry from

Extended Sources in the 12-25 & and 500-3000 & Spectral Regions
R. C. Elton

Naval Rescarch Laboratory

Wa shington, D.C. 20375

Techniques developed at the Naval Research Laboratory for intensity
calibration of instrumentation in the vacuum ultraviolet and soft x-ray
spectral regions will be described. The emphasis will be placed or

¢ in-situ techniques from extended radiation sources.
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Emission Measurements in the 3 & Repion from a Point

Plasma Source -with Potential as a Transfer Standard

Ty YR

T. N. Lee

Ty

Naval Research Laboratorv

Washington, D.C. 20375

The utility of concentrated small plasmas as intense sources of

shorc-wavelength radiation for point source radiometry will be discussed

The utility as secondary calibration standards will also be point out.
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Short-Wavelength Laser Calcularions for Electron Punping
in Carbon-Like and Helium-Like Ions

L. J. Palumbo and R. C, Elton
Naval Research Laboratory
Washington, D.C., 20375

A steady-state computer code has been used to compute
population densities of excited terms in carbon-like and
helium-1like ions., It is shown that an inversion between terms
of the 1s22s°2p3p and 1s°2-®2p3s configurations sufficient to
produce observable laser gain can be obtained in high~density
plasmas such as produced by laser irradiation of pellets or
electromagnetically driven pinch discharges. Such inversions
in elements of atomic number Z = 15-40 give rise to lasing in
the 1200-30C ° range. Shorter wavelength lasing (80-5 £)
on 1s3s-1s2p transitions in helium-like ions of Z = 10-40 is
also modeled; but significant gain is probably not possible

with current plasira devices.
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I. 1INTRODUCTION

An intense effort has been undervay for the past several ycars to find
methods for generating coherent radiation at wavelcngths shorter than 1000 £,
as is evidenced by the large aumber of experimental and theoretical publications
in this field., Details are treated in a recent review paperl and in references
therein. Barrinp some fortuitous discovery, short-wavelength lasing will most
likely be attained by a progressive step-by-step process, possibly working from
known lasing schemes in the UV to shorter and shorter wavelengths into the soft
®-ray spectral region. A straightforward approach would be the isoelectronic
extrapolation of a known lasing scheme in the visible or near-UV involving a
ncutral atom or a low stage of ionizationz_a, and attaining vacuum-Uv lasing
using higher stages of ionization as created in a plasma. As a precedent, a
number of ions have recently been showns to lase in the near-yv region in
Z-pinch plasma devices; extrapolation to non-cavity amplification is the first
challenge.

This article reports on a scheme for achieving lasiig below the 1000 }
"barrier" by the isoelectronic extrapolation of a transition which is respon-
sible for a large number of known visible and near-UV ion lasers, many of which
have been shown to lase in the cw mode, i,e., with steady-state population
inversion., This is of great importance for vacuum-yuv lasers, where self-
terminating inversions require very short pump risetimes ’°, The method and
results reported here represent primarily a refinement of previous analytical
calculations for 3p-3s lasing in six-electron carbon-like icns, following
electron collisional pumping from a 2p ground state reservoir7. Initial
extrapolations to high densiti058 are expanded upon., Also, the multiple ionic
energy levels and the atomic transitions between them are considered in increased
detail here through the use of a computer program which solves coupled steady-
state rate equations to obtein energy~level population densities for given
plasma conditions. The addition of ionization and recombination, as well as
radiative trapping, represent other important advances in the present results,

Because of the close similarity between the carbon-like scheme and another
electron-collisional pumping scheme involving 3s542p lasing (collisionally
pumped 1s-3s) in the 30-100 f range in moderate-Z helium-1ike ions, the computer

code developed for the carbon-like jons was also used to model this two-clectron
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schieme,  Although population inversions were computed and are presented for a
wide rangc of plasma conditions and for a number of clements in the helium
isoelectronic sequence, the resulting net gain calculated is insignificant at
dcnsities and dimensions available in state-of-the-art plasma devices.

Both of these schemes operate over transitions of insufficient energy to
cause photoionization losses in the amplifying medium, in contrast to innershell
schemes proposed for short-wavelength lasing where such losses can be the limiting

factorl’g.

Descriptions of the physical model and computer code are given in the next
section, results for the carbon-like and helium-like schemes are presented and
described in Section III, and the feasibility of these schemes for producing

short-wavelength lasing is discussed briefly in Scction IV.
II. NUMERICAL MODZL

A, Punping Scheme

As diagrammed in Fig. 1 for the gix-electron carbon-1ike species and mentioned

in the Introduction, the 3p 2D upper laser term is assumed’ to be

pumped by electron collisional excitation from the 2p °P ground term on the
same ion1 . Radiative coupling of these two terms is dipole forbidden, so that
spontancous and stimulated emission into the 3s 2P lower laser tcrm is favored,
Also, the population density in this latter term is rapidly depleted to the

2p 3P ground "reservoir" term by dipole decay, resulting in a possible steady-
state population inversion and quasi-cw lasing., The terminology "quasi" here
refers to possible transient lasing conditions associated with environmental
plasma changes; and not to self-termination often associated with short-
wavelength laser schemes and caused by lack of either lower lascr term depletion
or rescrvoir state replenishment. The latter is a common problem with many
schemes bascd upon pumping by ionization or recombination and is eliminated in

a single-ion scheme such as modeled herc, where the initial reservoir term is

rapidly replenished by dipole decay from the lowecr laser term with continuous

lasing resulting.
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At the increased dunsities required for amplification without multiple
pass cavities, collisional mixing between terms becomes an important process
competing with radiative transitions, and the nearby 3d ®D term is the most
important. This term is strongly dipole coupled to the ground term (as is the
lower laser term) and is included in the modeling. This strong radiative

1 coupling also requires the inclusion of resonance tragping effects for both
terms in the numerical model. The total density of lasing ions in the plasma, :
and hence the net gain, would be affected by significant ionization or recom-
bination. For example, at the high temperatures desired for large collisional
pumping the former is a concern for creating significant densities of boron-
like ions. Hence, icnization and recombination rates between carbon-like and . 1
boron-like ions are included.

In close analogy to this 3p-3s model, the 3s 'S term in helium-like ions
is assumed to be pumped from the 1s 15 ground term by collisions, with lasing ’

2

taking place on 3s 'S2p 'P transitions followed by rapid 2p 'Ps1s® 1S resonance

decay. The detailed term structure is shown in Fig. 2.

B. Rate Equation Code

In the most general case, the populations of the excited and ground
levels of an atomic species in a plasma can be determined at each point in
time by the simultaneous solution,of a set of rate equations vhich express
the time rate of change of the population density of each atomic energy level H
as the sum of the rates which populate this level by transitions from all other
levels, minus the sum of the rates which reduce the population of the given
level by transitions into all other (higher or lower) levels, If the rate at
which plasma conditions (temperature and density) change is much smaller than
the dominant transition rates in the time-dependent rate equations, then evach

rate of population density change can be neglected (set to zero); this yields a

coupled set of time-independent or steady-state rate equations, each of the form 3
dN
k =
- =0 = N, W, - N W,
~ TR £s75 Tk k}; kj’ (1)
I Jrk
r where t is the time, Nj and Nk are population densities of levels j and k,
( -
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and wjk (simlarly for wkj) represents the sum of the rates for all atomic
processes which populate level k from level j. An equation of type (1) is
required for each level, k,considered. In general, levels j and k may be in ]
the same or in different ionization stages and the W's are functions of the
ionization species, the temperature, the density, and the radiation field
intensity at each point in the plasma, ’
For a precise dynamical plasma model, one must sclve a large set of
time-dependent rate equations, taking into account all important excited
and ground levels for each stage of ionization of each element found in the |
plasma. All significant atomic processes affecting the population densities
of these Jevels (including ionization and recombination) must be inciuded in
the computation, as well as the possibility that the populations may vary not
only temporally but also spatially due to boundary effects, plasma motion,
plasma structure, radiation transport, etc. It was not the aim of the present
effort to produce such a full-scale plasma model. Rather, the purpose was to
introduce certain simplifying plasma assumptions into a model to estimate the
conditions required to produce population inversions in plasma ions, to look
for optimum plasma conditions, to identify promising elements and ionization

stages for producing lasing in existing plasmas, and o gain physical insighc

into the processes resulting in o - hindering the achievement of short-wavelength
lasing in highly stripped ions.

In the present code, the population densities of the levels of interest
and the electron and ion dernsities are assumed to be spatially homogeneous;
they are also assumed to be time independent in order to avoid the solution
of a set of coupled differential equations, rendered nonlinear by the inclusion
of radiation trapping as discussed below, Thus the inversion and gain computed
here would be valid for a homogeneous portion of a larger plasma and would be
applicable to plasmas which maintain their conditions for a reasonably long
time. Similarly, all other relevant plasma parameters, such as the electron
temperature, T, and the ion temperature, Ti (which is assumed in most cases
to be equal to Teunder the equilibrium conditions achieved rapidly at high
densities), are assumed constant in time., Plasmas in existing devices which

satisfy this condition are mentioned below.
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The credibility of the present calculations is enhanced by the agreement
between the results reported here and experimental r(:5ults5 for similar ionic
configurations. In a sense, the present steady-state model yields mainly
minimum lasing requirements, Transient conditions can be defined
during a heating phase in which enhanced inversion densities (and gains) can
be achieved at higher temperatures before significant ionizing depopulation of
the desired species occurs; this possibility is analyzed below for the
carbon-1like ions,

It should be noted here that although the present analysis for 3p-3s
lasing concentrates on carbon-1like ions, the computed population inversions
and ;ain should be comparable for 3p23s transitions in the boron-1ike through
the neon-1like sequences, i.e., where 2p valence electrons exlst. The six-
electron ion was chosen as a model because it was expected7 to produce slightly
(but not significantly) more gain than other ions of more or fewer electrons.
In fact, boron-like ions may produce a simpler spectrum, and neon-like ions
may be advantageous due to the extended 1ifetime association with rare gas type
ionic species of increased ionization energy1 .

The set of equations (1) is solved when reduced to a finite and tractabie
number by considering only the most relevant levels in the carbon-like or
helium-like ion, For the triplet terms in the carbon-like ion, the levels
corresponding to a particular J value are assumed to be populated in proportion
to their statistical weights. This is plausible since collisional mixing is
rapid between these closely spaced levels for the large electron densities
required to achieve observable single-pass gain along the small plasma lengths
attainable with present-day devices. Hence, in computing the carbon-like
population densities, the levels of a given term are lumped together and the
averaged term-to-term transition rates are used in Eq. (1). However, because
the width of the lasing line is less than the 3p3s multiplet splitting, the
gain is computed only for the strongest component of the multiplet. Also,
only those terms of the ground and excited configurations which are expected
to have the largest effect on the population inversion are considered. The

energy levels and the important transitions between them are included in

Figs.-1 and 2,
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Thus, a coupled set of five equations of type (1) are solved for popu-
lation densities of the following carbon-like terms, where the numbers in
parentheses are the respective subscripts used in subsequent equations and
in Fig. 1: (1) the ground term, 2p2 3p; (2) the lower laser term, 2p3s 3p,;

(3) the upper laser term, 2p3p 3D; (4) the nearest competing term, 2p3d 3p;
and (5) the ground term of the next higher ionization stage (boron-like ion).
T-ansitions from the ground term into other excited triplet terms deplete the
ground reservoir term population by at most a few percent for the conditions
which show appreciable population inversion, and are thus ignored. The three
terias of the ground confipuration of the carbon-like ions (under most plasma
conditions of interest here) contain most of the population, and it is assumed
that this population is divided among these terms in proportion to their
statistical weights; with 60% [P in Eq. (17)] of the total population density
in the triplet system (shared by the 3p ground term and the sparsely populated
excited triplet terms) and the remainder shared between the 2p® s, 2p° 1D,
and excited singlet terms, The total ion density is tied to the electron
density thre.gh charge neutrality.

Becaus: it is desired to operate at a high temperature for maximum pumping,
only ioniza:ion equilibrium - th the next higher .onic species is considered,
The gain is optimized by selecting a temperature for rapid pumping without
excessive lasing-spccies depletion by ionization. Analogously, for the helium-
like ions, a set of five coupled rate equations is solved with subscripts 1
through 5 designating the following singlet terms: (1) the ground term, 1s? 1g;
(2) the lower laser term, 2p 1p; (3) the upper laser term, 3s 18; (4) the nearest
competing term, 3p 1p; and (5) the 1s 25 ground term of the next higher (hydrogenic)
jonization stage, The fraction of the total helium-like ion density which
occupies the triplet system is expected to be small for the high Z's and high

densities considered here,
C. Rates Applied

In computing the rates (W's) in Eq. (1), estimates of all important col-
lisional raciative processes between the five terms rmentioned above were included
where applicable. Speccifically jncluded for the lasing ion were electron-

collisional excitation and deexcitation, electron-collisional ionization and
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(three-body) recombination, spontaneous photoemission, photoabsorption (through
a radiation trapping treatment), and radiative recombination. Photoionization
was negligible in all important cases here. For efficient computation, simple

aralytical estimates for the rates of the various atomic processes were used in {
place of mrre accurate quantum mechanical calculations or published tabulations ?
of such results (which are not available for all transitions, species, and 1
ionization stages required in the present study). Most of these analytical i
formulas were obtained from collections included in References 12-14, A M

Maxwellian velocity distribution of electrons was assumed to hold for all i

calculations. .
1, Excitation and Deexcitation ?
For the numerous transitions and ions included, the convenient15 effective 4
Gaunt factor, or E, analytical formula of Seaton16 and Van Regemorter17 was Q
used to compute the collisional excitation rate, Cjk’ for transitions from E
lower level j to upper level k 3
A
i

Cjk of Nexjk = 64r® (g)% i? ao3 Ne ;%— * {Z: X

e v jk

(2)

li

E

£, <@g >,

ik ik exp (-AEjk/kTe),

where Ne is the electron density, is the collisional excitation rate

X
jk
coefficient, h is Planck's constant, a is the radius of the first Bohr orbit,
EH is the ionization potential of ground-state hydrogen (13.6 eV), k is the

Boltzmann constant, Te is the electron temperature, is the energy gap

AEjk

between levels j and k, f is the absorption oscillator strength for j-k

= jk
transitions, and < g > is a Maxwellian-averaged effective Gaunt factor. The
rates for collisional deexcitation, ij were computed fr -m the rates for

collisional excitation through detailed balancing,
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ij Nexkj Cjk exp (AEjk/kTe), (3)

where ij is the collisional deexcitation rate eoeffieient and gj and g, are
the statistical weights of levels j and k, respeetively,

The energy-level spaeings, AE, , were approxinated by scaling either as
z° or z for levels j and k of different or same prireipal quantum number,
respeetively, where z is the spectrum number or the eharge seen by the outer
(optical) electron. Sealing eoeffieients were estimated from tabulated energy
levelsls’19 and speetral lineszo, and the AE's should be aeeurate to better
than 15%, The oscillator strengths required for the modeling of the earbon-
like seheme were assumed 1 to be eonstant along the isoeleetronie sequenee for
An;b transitions and to vary as 2°! (where z is the nuelear eharge) for An=0Q
transitions, with values extrapolated from limited data for low ionization
stages published by Wiese, et a118. The more abundant data18 on helium-1like
ions allow the use of a mueh more aceurate oseillator-strength estimate varying
linearly with 2!, The Gaunt factor, < E > is a function of x = AEjk/kTe

12,163%7

obtained earlier from an eripirieal fit to existing data, An accumulation

16,22 indicates that

of experimental and theoretieal results for seattered cases
this empirical fit is approximately correet for n=2 to n=3 transitions. Thus,
the data ean be fitted in the relevant range of x = 0,04 to 1.0 by a power law

expression,

<3z >, = axf (4)
with g = 0,17 and B =0.47, For x » 1.0, a constant value of 0,17 is assumed,
For n=3, fn=0 transitions, it has beeome elear that the Gaunt

faetor is higher and, for the relevant range of 0.0 S X 0.7, a similar

relation is assumed with a = 0,63 and B =0.15, This latter fit alsa appears

te be approvimately correct for the helium-like ion resonance transitions pe1
to n=2,3 which invalve the x = 0,1 - 1.0 range. These expressions for < g ?jk
cannot be expected to be more iccurate than a factor of twe at present, and
the separate expressions assumed are only significant for the larger values of X,
where a commen averaged espression would lead te an overly eptimistic pain resulting
from inercased eollisional pumping and decreased ns3 mixing,
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The adopted oscillator strengths, Gaunt factors, and energy-level scaling
relations are listed in Table 1. For computing the collisional excitation and
dcexcitation rates for the An=1 "dipole-forbidden 2p ®p-3p D transition between
terms of the same parity, Eqs. (2) through (4) vere used with an oscillator
strength assumed equal to that for the analognus 2p ®p-3s ®p dipole-allowed
transition, so chosen according to guidance from both theoretical and experi-
mental resultszz. For the An=0 quadrupole 3s p-3d ?D excitation rate both
zero and a value equal to the 3s 3p-3p 3D dipole rate were assumed, as the true

value is uncertain for the small energy gap involved, The effect on the computed

peak gain values was € 20%, so that a zero value was used.

2. Radiative Decay with Opacity

1
Spontaneous radiative decay rates, Akj’ were computed from the absorption

oscillator strengths fjk’ by18

g A = 8" rgf (5)
k Kk
J AkJ
where ¢ is the velocity of light, r is the classical electron radius, and
xkj is the wavelength of the radiation emitted in a spontancous transition
from k to j. Induced emission23 terms, I q{ » can be ignored for n=3 to n=2
3 N )= -11™ =~ 0.15, for
AE /kI‘ ~2 at kT =1 P/ 3 ThlS is also the case for trarnsitions between

resonance transitions because 1 B /AkJ [(g N /g

n= 3 telms as long as the plasma is optically thin in the transverse direction,

as is calculated for the conditions considered. Resonant photoabsorption in

an optically thick plasma can be important in reducing the effective lower-
laser-level radiative depletion rate aud, hence, destroying the steady-state
inversion; consejuently, it must be considered in a model of this type. Since
the only source of rescnant radiation is assumed to be from spontanecus emission,
resonant photoabsorption is accounted for by modifying the radiative decay rate
with an "escape factor" ij(?o) according to a method originally treated by

2 2
Bibermanza and Holstein d and conveniently summarized by McWhirter 3, where

ij(?o) =1 - /i f_mexp (%) {l-e.\:p[-T—o exp (-xa)]} dx. (6)
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Here ?o is the optical depth at line center, which for Doppler-broadened lines

is given by

LA
o i
i (ZRTi rolijjfjkr n

with Mj the mass of the radiating iomn, T, is the ion temperature, and r the
plasma radius. The escape factor, which is an inverse function of the optical

depth (and hence of the lower-level population density), ranges between zero
and unity and reduces the effect of the decay process at large deptiic. the
explicit inclusion of this factor in Eq. (1) makes this set nonlinear, requiring
a solution by iterative methods; this dictated a limitation to a reasonable
number of levels included in the modeling. Since the optical depth depends

upon the physical dimensions of the medium, the plasma diameter became an
additional important parameter.
3. Ionization and Recombination
The most convenient formula for computing the rates, Ij5’ of electron
collisional ionization from the ground (j=1) and excited terms (j=2,3,4),

respectively, of the lasing ion into the ground term (5) of the next higher

; ; o B : 27 :
species comes from a semi-empirical formula in a form given by Kunze (which

fits the data compiled by Lotzzs)

3
qu ( htDkTe)
T = T e LT I + 400 x
i5 AEjS AEjS

X
e 1 ®
Agggj; gkf; exp (-AEjS/kTe) Sech= 5

where ¢ is the number of equivalent clectrons in the outer shell and AEj5 is

are in eV, while Nc

the ionization potential from term j. Both kT_and LE,S
. J 27,29

is in cm™®. For the helium-like ions, this formula is expected to be
accurate to 15% for ground-state jonization and 25% for excited-state jonization,

For ions other than hydrogenic and helium-like, this formula overestimates the
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ionization rate by approximately a factor-of-two , and this

correction was included in the carbon-like ion modeling, Rates for collisional

i c |
(three-bLody) recombir tion, st, into ground and excited terms were deduced

from Eq. (8) using detailed balancing and the Saha relation to give E

3
53 N5 eq B Bg 2 (2x my kTe) 2 j5

vhere (NJ,/NS)eq is the thermal equilibrium population ratio and m 1is the
electron mass,

The rate of radiative recombination, R;j’ into either ground or excited d
terms is adopted from a formulation due to Griem 0 for the total recombination
rate into hydrogenic levels of a given principal quantum number, n, with

appropriate corrections through a multiplicative factor Q for nonhydrogenic

behavior of the ground terms and for statistical weight part1t10n1n° into

the various terms. The rate is given by

r 64 2 2 Yz 2. 2.
st i (3) N ro c szx El (x) exp (%), j=1,2,3,4, (10)

where x = AEjS/kTe and El(x) is the exponential integral of index one. The

total recombination rate, st, into term j is defined by

R ER.+R;j. (11)

4. Ion Collisional Rates

The rates for the important excitation and deexcitation processes due to
ion collisions vere estimated from the above electron collisional rates using
: 7 g ; Ak ~
a "guillotine factor" approach described by Weisheit  and were found to be

negligible for all conditions considered in :the present aodeling.
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D. Explicit Rate Equations

Using the atomic rates defined in the above equations, one can write

Eq. (1) explicitly:

dN

1 = = -

FE 70T M (Gt Gy kO e 1) 4 N, (A Fy 4 D)) (12)
*Ng Dyy + Ny (A Fyy + Dy + Ng Rgy,

an,

T T 0T oy Wy F Mok Gy G L) R €, (13)
+ Ny (A3) Fap + D3p) + N, D, + N, Ry,

an,

e T 0= Ny Dy + Ay Fayp + Dyp + Gyt Ty) + Ny €y 4 N, €95  (16)
+ N, (A3 Fuy + D,0) + N R,

an,

e T 0 N Ay Fuy t Dy Dyt Ay iyt Dyg I, (1%
N G+ My Gy + Ny Gy 4 Ny R,

and

an,

v ' 0 = —N5 (R51 + R52 + R53 + qu) + N1 115 (16)
$ N Lyg b N Lok N, T,

These five equations are not linearly indejendent since, for the closed system
of five levels, the sum of any four équations yields the fifth. However, an
additional constraint imposed by the assumptions of charge neutrality and neglect
of plasma motion (expansion or compression) yields an additional equation

Z-6 -
Ne = (5 N+ Ny 4 Njk 8D+ (2-5) N, (17)

1€6
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which makes, for a selected electron density, the system soluble. Here P is the
fraction of the lasing-species ions which occupies terms 1 through 4 and is
set equal to 0.6 by assuming most of the population is in the ground terms of
which Nl represents the triplet contribution (Scction II.B.).

Equations (12)-(17) were solved simultaneously for the five unknowns, Nk
(k=1 through 5), by an iterative method. Since the escape factors for most

conditions of interest were small perturbations, convergence was usually rapid,
111, CALCULATED RESULTS
A. Gain

The gain coefficients, @, for transitions 3p °Da3s 3P in carbon-like ions
and 3s 1842p P in helium-1like ions were computed foom the population densities,

y 3
N2 and N for a Doppler-broadened g line from

3’

2\ %
ﬂMiC N3 N2
r A f

@7\ 2T ol 2 %2 “eBlE. T} 2
where 8> 84 are the statis%ical weights for terms 2 and 3, respectively. Such
gain coefficients have bern computed for several decades of eleczron densities
and suitable corresponding plasma diameters. These paraneters were selected to
simulate plasmas which can be produced by presently available technology.

For the carbon-like results shown in Fig. 3, an equilibrium electron kinetic
temperature, kTe, equal to one~third the ionization potential (1.P.) of the lasing

species being modeled was used, with Te = T.; pre-equilibrium enhanced temperature

3
results shown in Fig., 4 are discussed furt;er in Section 111.C. below.
Equilibrium calculetion results at kTe = k'l‘i = 0.7 1,P. for helium-like ions
are given in Fig. 5. 1In these figures, tbe gain product ~L is plotted vs
atomic number Z (and corresponding laser wavelength) and for sevzral values of
electron density Ne and plasma diameter d, with a fixed length L = 10d chgsen.
The lower density curves, a and b, correspond to electrically driven dense pinch

E)

== 4ng g
devices vhile the higher density curves, c and d, are more typical of laser-

; 34 . .
heated pellet conditions . The assumption L = 10d is based upon an aspect ratio
of 10:1 which is contidered to be a rcasonable maximum along a straight line

axis in state-of-the-art plasma devices. The values chosen for d exceed those
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below which severe diffraction losses would be expected to enter, i.e.,
d >> (AL)% or d > 10x for a 10:1 assumed aspect ratio. The computed gain
products gl do not exceed 10 (corresponding to a singlc-pass gain of €°)
where it would be anticipated that saturation effects aad particularly radial
superfluorescence would enter as the product gd approaches unity, Thus, the

_ choice of diameter d is dictated by a diffraction limit minimum and a radially
thick maximum,

For clarity, the sain curves are shown as continuous lines, although
computations were performed for integer values of Z, Significant gain products
at higher Z values are achieved with the increased pumping rates associated with
the higher electron densities. Each curve exhibits a minimum value of Z below
which an inversion is not obtained because of dominant collisional mixing (the
onset of Boltzmann equilibrium) between the upper and lower terms, which are
closely spaced at these low Z values. (Negative gain values are not indicated
on the log al scale.) All curves reach a peak at a Z value somewhat higher than
the collisional mixing cuturff due to a gradual reduction of the rixing effect
resulting from the increased spacing «f the laser levels with increasing 2.

The decline in gain product as Z increases to values greater than this peak is
due mainly to: (a) a reduced fractional population of excited terns resulting
from a decreasing pumping rate for the larger pump energy gap, c513 [see Eq. (2)],
(b) a smaller number density of lasing ions at higher Z for a given electron
density (from charge neutrality), and (c) the explicit linear scaling of the

gain coefficient @ with wavelength [see Eq. (18)].

The low-Z (long wavelength) cutoff, as well as the position and magnitude
of the peak gain product have been found to be sensitive to plasma dimensions
because of effects of radiative trapping such as the increased population of
the lower laser term, The low-Z cutuff is also sensitive to the value of the
n=3 laser level electron collisional mixing rate used in the modeling, The
factor-of-two precisicn presently expected for the values used is reflected as
+1 to +2 variation in the Z-cutoff values plotted in Figs. 3-5, Wowever, for
atomic numbers larger than those at the peak of the al vs Z curve, the calcu-~
lated results are no longer sensitive to the upper and lower laser term mixing
rates, and the accuracy of the gain product plotted should be about as good as

the accuracy of the puuping rates, i.e., about a factor-of-two,
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B. Pump Energy Requirements

For steady-state inversion, it is the pump energy rather than power that
becomes a stringent requirement for high gain. A lower limit on the amount of

pump energy, E , required can be determined from the mairtained plasma, ioniza-

Pl
tion, and excitation energies, i,e.,

3 3 =
E, = (5 Ny kT, + 5 N, kT, + NiEi> v, (19)

where Ei is the average excitation plus ionization energy per ion

and V is the plasma volume. Greater amounts of pump energy by factors of

~ 20-1000 could be required to compensate for plasma-energy losses and coupling
efficiency from the pump source. These stored energies are indicated in Figs.
3-5 for the peak gain point of each of the curves. Curves a and b in each figure
correspond to conditions more typical of electrically driven pinch devices, where
efficiencies of at least a few percent can be expected and energy storage systems
of tens-of-kilojoules to megajoules are available; curves c and d correspond to
laser-heated plasmas at high temperatures where the efficiency may be as low as

0.1 percent and much less energy (hundreds-of-Joules) is presently available,
C. Discussion

Under equilibrium temperature conditions with kTe=kTi = I1,P./3 and 0,7 L.P.
for carbon-like and helium-like ions, respectively, the results for the former
(shown in Fig. 3) are encouraging with gain products in the vacuum-UV region as
hich as cl=1.6 corresponding to net gains of exp (aL) = 5. For the latter
“1elium-like ions), the corresponding computed gain products plotted in Fig. S
represent insignificant net gain, and at most a populaticn inversion measurement
could be expected for available plasma densities and dimensions such as repre-
sented here. Only with compressed laser-heated pellet plasmas of supra-solid
density in a linear geometry could net amplification at high Z be conceived.

An increcased electron temperature could have a significané effect both
tovards increasing the long-wavelength cutoff point as the n=3 laser level mixing

rate decreases [Eq. (2) for AEjk/kTe very small] as well as increasing the gain
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produet as the n=2 to n=3 pumping rate inereases, Electron temperatures

considerably above the "equilibrium' values chosen here are not uncommon

under transient pre-equilibrium eonditions of plasma heating in most fast-

pulsed devices, and significantly increased gain is eunecivable for the interval

during whieh the desired ion is abundant. Sueh conditions are approximated
within the present model for carbon-like ions, with the results plotted in

Fig. 4 for Ne and d values eoxresponding to Fig. 3 but with temperatures

increased by a factor of three, For these modificd computations, a fiyed

laser-ion abundance of one-third the total was assumed, rather than an

ionization—equilibrium value. Also, Te=Ti was again assumed, since the

eleetron-ion energy equipartition times are generally less than the ion
Creation times at such nigh densities (if Ti were less than Te’ the gain

1 c a35
produets shown would inerease as Ti %). Even for the somewhat eonservative

temperature inerecase of 3x assumed here, pcak gain products of gL ~ 10 are

predieted, with a net gain of exp (aL) ~ 2 x 10%, Thus, only a modest transient

temperature increase is rcquired to saturate the gain (see Section II1.A.).
Enhanced temperature ealeulations corresponding to the helium-1ike ion
conditions of Fig. 5 continued to yield very small gain products (less than
107%) and therefore the results are not plotted,
IV. SUMMARY AND CONCLUSIONS
Population densities of ground and excited terms of carbon-1like

and

helium-like ions in high-density plasaas were calculated by using the steady-

state computer model described above, All important radiative and eollisional

transitions were included in the analysis and the laser gain produet was

derived from the corputed population densities and the plasma length. The

rcsults of these ealculations indicate signifieant gain produets for 3p-3s

ionie transitions in an amplified spontaneous emission (ASE) mode, e
without a resonant cavity, and for a quasi-ew equilibrium plasma model, With

enhanced temperatures tyvpieal of a transient plasma heating phase, gains

approaching saturation levels are predieted, The aspeet ratio has been fixed

, . 33 : : .
throughout at L/d = 10; tandem operation could coneceivably increase this to

30 with a corresponding inercase of a factor-of-three in the peak gain product,
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with net equilibrium-mode gains » 100, Therefore, vacuum-UV lasing at wave-

lengths between 500 and 1000
appears promising for a near
short wavelengths.

Shorter wavelengths may
by such high-power lasers as
fusion; here helium-1like ion

densities.

-

e g ———

)3 using existing high-density dischavge devices

term proof of feasibility of ASE in plasmas at
subsequently evolve using smaller volumes heated

currently under development for compressed pellet

transitions might also become useful at very high
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Table 1: Atomic Data Used in Calculations

Carbon-Like lons, z = 2-35

lower term, j upper teru, k AEjk fjk

ik
zpﬁ “p 2p3s 3p° 2,15 22 0.05 (e)
2Ap= S 2p3p °D (a) 0.05 (e)
2p? “p 2p3d 3p° {a) 0.65 (¢)
2p3s 3p° 2p3p 3D 1.10 z 2,9/2 (d)
753s 2p° 2p3d °p° (a) 0.0 (b) (d)
2p3p °D 2p3d 2p° 1.38 z 0L75)Z (d)
2p® p 2 °F + e 3.75 22(1.p.) --- —-

Helium-Like lons, z = Z-1

lover term, j upper tera, k AEjk fjk <y >}k
Hae i 1s2p PO 10,9 = 0.83 - 1.1/z (d)
USR5S 1s3s '8 (a) .032 - ,022/2 (d)
1s® 1s 1s3p 'p° Wi 0.16 - 0.11/z (d)
1s2p ' 1s3s 1S (a) 0.014 + .053/z (e)
1s2p 1§ 1s3p 2p° (a) .21 - ,26/2 (e)
1s3s s 1s3p 1p° 0.184 z 1.04/ 2 (d)
1s° 's 1s 25 + e 14.1 22 (1.P.) o o

(a) Energy gap computed from other gaps listed using AE, = AE'm + AE”n, where £, m,
A 1

in
: : 2
snd n are any three terms. Sealing used is both predicted’ andtypical of measurements :

(b) Tlis quadrupok¥ miving is believed to be small and is taken to be zero, It has little
ef feet on the corputed pain for most eases even if it is assummed to be as large as the

3s3p dipole rate,

a

(e) Gamnt factor fitted to <g >, = 0.17 (Aﬁjk/ch)"°'47 for AE

jli l/kT <1 ard < I > = 0,17
E oo
for AE, /kT

3 jk

(d) Gaunt factor !itted to < g B 0.63 (AE., /KT )"O"18,

(e) berived from collisional rates for helium-like ions calculated by Landshoff and Per¢222




Fig. 3 -

Fig. 4 -

Fig. 5 -
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F1GURE CAPTIONS

Term diagram for 3p-3s lasing scheme in carbon-like ions showing impor-
tant terms and transitions used in numerical modeling results described.
Dashed arrows designate radiative transitiurs; solid arrows represent

electron-collisional transitions. Numbers in parentheses ceo.respond to

subscripts in the text,

Term diagram for 3s-2p lasing scheme in helium-like ions showing impor-
tant terms and transitions used in numerical modeling results described.
Dashed arrows designate raaiative transitions; solid arrows represent

electron-collisional transitions, Numbers in parentheses correspond to

subscripts in the text.

Computed gain products gL versus atomic number and wavelength for 6-
electron carbon-like ions at temperatures To Ti equal to one-third the
ionization potential, I,P. (from Table 1), Curves a through d correspond

-2 and

respectively to electron densities of 10'%, 10°°, 10°! and 10°% cm
to relevant respective plasma diameters of 3, 1, 0.1 and 0.01 mm. The
required plasma energies in Joules are indicated for each curve at peak
gain; Jower values at highei densities reflect a volume decreasing as

the third power of the diameter.

Computed gain products gl versus atomic number and wavelength for 6-
electron carbon-like ions at enhanced non-equilibrium temperatures Te’

T, equal to the ionization potential, I.P. (from Table 1). As in Fig. 3,
curves a through d correspond respectively to electron densities of 10'°,
1022, 10°! and 10°% cm™ and to relevant plasma diameters of 3, 1, 0.1
and 0.01 . The required plasma energies in Joules are indicated for
cach curve at peak gain; lower values at higher densities reflect a

volume decreasing as the third power of the diameter.

Computed gain products gl versus atomic number and wavelength for 2-
electron heliam-like ions at temperatures Te, Ti equal to 0.7 times the
ionization putential, I.P., (from Table 1). As in Figs. 3 and 4, ecurves
a through d correspond respectively to electron densities of 109,
10%°, 10°! and 10°% cm™® and to relevant plasma diameters of 3, 1, 0.1
and 0.01 wm, The required plasma ea2rgies in Joules are indicated for
each'chfve at pnnk gaih;.ibﬁér.Qalucs at higﬁer‘duﬁsitieéhfeficﬁf év‘.

volume decreasing as the third power of the diameter.
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Interferometric Study of Laser-Produced Plaszas

J. F. Reintjes, T. N. Lee,
R. C. Eckardt, and R. A. Andrews

Naval Research Laboratory
Washington, D.C. 20375

ABSTRACT

High-quality interferograms of laser-produced plasmas with
spatial resolution of 15 micrometers are obtained using a rela-
tively simple Jamin-type interferometer and a precisely timed
30-psec probing laser pulse from a mcle-locked Nd:YAG laser,
frequency doubled to 532 nm. The spatial resolution attain-
able with the present arrangement is limited by the velocity of
the expanding plasma and the finite duration of the probing
pulse. The plasmas are produced by focusing a Nd:glass Q-switched
laser pulse (0.5 GW, 1011 - 1013 Watts cm_z) onto slab targets

of AZ, Mgz, and CH The electron density distribution, plasza

9°
dimension, and expansion velocity for both point and line foci
are studied as a function of time delay between the mode-locked
and the Q-switched laser pulses. The results obtained with

different durations of the heating (Q-switched) pulse and with

the various target material are compared.
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I. INTRODUCTION

The diagnostics of laser-produced plasmas is beconing of increasing
importance for various applications, including laser-generated fusion.
Awong the various diagnostic techniques, interferometry has recently
been shoWnl—A to be of great value in determining the electron density
profiles and expansion charccteristics of lascr-produced plasmas. Since
one is intecrested in time-and-space resolved information of a plasma,
the probing laser pulse for such interferometric applications should be
reaonably short to minimize blurring caused by the streaming rotion of
tho plasma during the exposure. 1In addition, the szali dimensions ot the
resulting plasmas require microscopic photography in order to obtain high
spatial resolution.

In general, it has been the case in previous measurecents that the
probing laser pulse for illuminating the interferometer is obtained by
diverting a portion of the m-in laser pulse (heating laser pulse) which
generates the plasma, The probing time resolution in such an experiment
is limited to times of thie order of the main laser pulse, 1In such cases,
the plaswa expansion during the main laser pulse carnot be cxamined,
Furthermore, measuve nents with high temporal and dvaz=mical spatial resolution
are limite! by typical plrsma streaming velocities (A-107 cm/sec) to plasmas
generated with picoseenac pulses,

In this paper we pres:pt interferomet ric¢ neasuremencs of plas—as
generated with a Q-switched laser pulse of duration Setwcen 1.5 to
5.5 nsec. The interferometer is illuminated with a secparate but synchronized
mode-locked pulse from a Nd:SAG laser oith a 30-psec

duration, Such a combination enables us te probe plasras with high temporal
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and spatial resolution and to make measurements during the
heating pulse. Interfevometric studies were made for virious target
materials and durations of the heating laser pulse using both point and
line foci of the main laser beam for plasma generation. In Section II,
the cxperimental arrangements, including the laser synchronization <heae,
are briefly described. The time-dependent plasma expansion for
both the point and line foci, including electron density profiles and
expansion velocities, are described in Section III.

I11. EXPERIMENTAL ARRANGEMENT

A. Laser Synchronization.

The laser system used in these experiments is shown in ¥ig. 1. The
plasma is created with the output of the Q-switched laser, The oscillator
is a single-mode Nd:YAG Pockels cell (-switched laser which generates a
20 mJ, 20 ns pulse, It passes through a Pockels celi shutter and is then
amplified to a level of about 1 GW in three Nd:Glass amplifiers. A
Pockels cell isolator is used between the last amplifier and the target
to preveat reflections from the target from damaging the amplifier
chain. The second mode-locked laser produces a train of 3L usec pulses,
one of which is selected for amplification and conversion to the second
harmonic at 532 nm.

The scheze used to synchronize the two laser oscillators is shown
in Fig. 2. The primary problem in the synchroniz.tion of two inde-
pendent lasers lies in the jitter inherent in the bulld-up of th: ssciletur

pulses from the noise level. 1In the case of a passively ~ode-lo:k~d I ..°r,
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the jitter in build-up time of the pulse train is typically of the order
of 1-10 psec from the time the flash lamps are fired. 1In the case of an
actively Q-switched laser, jitter times of the order of 10-25 ns betweern
the switching of the Pockels cell and the laser output pulse are typical.

In order to overcome these problems, a three-step switching sequence is

used in which each step is initiated by the appearance of an appropriate

optical signal. The sequence is started with the arrival of the rode-locked
pulse train. An early pulse in the train is used to trigger the Pockels

cell in the Q-switched laser, with the timing adjusted so that the Q-
switched pulse appears near the peak of the mode-locked pulse train.

The only requirement on the Q-switched pulse build-up is that the delay

and jitter not be larger than the duration of the entire mode-locked train(250nsec ).
The leading edge of the Q-switched pulse is used to trigger th. mode-locked
pulse selector, gating out a pulse near the peak of the train for aaplifica-
tion, Selection of a pulse near the peak of the train will be reliable if
the jitter of the Q-switch pulse build-up is of the order of a few interpulse
spacings -- typically ~ 20 nsec. Finally, the selected mode-locked pulse

is used to drive the Pockels cell shutter in the Q-switched laser gating out
a segment of the oscillator pulse.

The accuracy of synchronization of the final output pulses .s determined
entirely by this last switching step. By greatly overdriving the last laser—
triggered spark gap, the jitter in this last step is minimized, e have
achieved typical stabilities of ~+0.1 nsec between the two pulses. The
duration of the Q-switched pulse can be varied by adjusting the leagth of
the charging cable in the pulse-forming network which drives the Pockels

cell shutters. “he output pulse intensity remains constant as the pulse
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length is varied with longer pulses containing higher energy. This type
of laser system has the advantageous characteristic that the two laser-
pulse durations can be independently varied, allowing variable Q-switched
pulse durations to be used for plasma generation while maintaining the same
high degree of temporal and spatial resolution obtainzable with the mode-locked
pulse in the pfObing measurements,

B. 1Interferometer and Target Chamber.

The arrangement used for interferometry is shown in Fig. 3. A slab
target is supported in the center of a vacuum chazber. The Q-switched
pulse is focused with a 30 cm, £/15 lens onto the target, giving a focal
spot 50 um in diameter. For measurements with a line focus, a negative
400-cm-focal-length cylindrical lense was added in front of the 30 cm lens,
giving a focus of 50 um x 1 wm. Typical power densities on target were
1013 W/cm2 for a point focus and 5 x 1011 W/cm2 in a line focus. The mode-
locked pulse is frequency doubled in a KDP crystal and is directed across
the target at right angles to the path of the Q-switched laser. A Janin
interferometer is used, and the resulting interference pattern is photographed
through a 10x, £/20 telescope imaged on the plane of the plasma with a spatial
resolution of about 15 pym in the plane of the target. The time of arrival
of the two pulses is changed by adjusting a variable-path delay in the mode-
locked beam, The relative time of the two beams, along with the intensity of
the Q-switched pulse, is monitored with a photodiode.

1II. RESULC

The interferograms of the expanding plasma were obtained a2s a function

of time delay relative to the heating laser pulse. 3eccause of the high
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degree of accuracy in timing between the two’ lasers, the shot-to-shot

reprodifeibility of the interferograms at a given delay time was cxcellent,
thercby allowing measurements made on different laser shots at different
times to be compared. A typical sequency is shown in Figs. 4a and 4b for
a point focus on a 250-pm-thick aluminum target with a pover density of
approximately 1013 w/cmz. The main laser pulse is incident from the left,
and the shadow of the target is clearly visible, The times shown on the
bottom of the pictures indicate the time of arrival of the probing laser
pulse relative to the 10% point on the rise of the Q-switched pulse. Controls 0
for these measurements included insuring that no extranecous plasma effects
were present when either the probing laser pulse was brought in before the
Q-switched pulse or the Q-switched nscillato. was blocked. As can be seen,
during the early phase of the expansion (t < 0.3 nsec), the plasma has a
relatively well-defined hemispherical shape with a diaseter of about 100 pm.
It expands rapidly outward from the target until a ti=e corresponding to the
eénd of the laser pulse, At later times, the interference pattern from the
denser regions of plasma flattens, while that from the more tenuous region
shows continued expansion in a cone angle of about 90°. The flattening of
the interference fringes suggests the development of a hollow core5 i the
plasma as would result from Abel inversion analysis,

The extent of the plasma interference is determined by the minimum

detectable fringe shift (about 1/4 fringe). The opaque region <t the center
of the plasma near the target corresponds to a region of high-electron-
density pradient, which causes the probing laser beza to be deflected out

of the telescope due to the high degree of refraction in this plasma region.
The maximum detectable electron density gradient for the present system

can be estimated1 from the angular deflection of a r2y passing through a

plasma region of length g and density gradient dn by
dx
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For an £/20 telescope, a wavelength of 532 nm and a plasma dimension of
100 pm, Eq. (1) gives a maximum detectable electroa density gradient of
3 x 1022 /cm-3/cm . The study of plasmas in regions of greater electron
density gradients requires the use of shorter wavelength probing pulses,
e.g., third or fourth harmonics of the Nd laser 3’8.

An interesting feature in Fig. 4 is a slopinz region of plasma near
the target but outside of the area illuminated by the main laser pulse,
which is seen in exposrres taken after 1.5 nsnc (indicated by arrow mavks).
This plasma region extends about 1 mm along the target surface at it.
peak and then recedes to the target surface at later times(t 2 5 ns).
Recently, the distribution of self-generated current flow in a laser-
produced plasma has been measured6. Furthermore, Drouet and Pepin7, in
an attempt to explain observations of a cathodic zrea much larger than the
focal spot size, inferred that the current paths are spread out in the
vicinity of the target surface. The sloping feature observed near the
surface in the interferograms 1is very likely due to a plasma which is
associated with such current paths, However, the time sequence of the
plasme development as shown in Fig. 4 suggests that such a feature can
arise [rom the natural tendency for the current in the plasma to take the
least inductive path. Current which is constrained to flow normal to the
target in the region illuminated by the laser pulse and along the target
elsewhere would tend to develop paths in the plas—a along the surface of

the target in order to minimize inductance. Such bezhavior would result
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in features similar to ones which are observed,

Interferograms (such as Fig., 4) which are taken without background
fringes are found to be particularly useful for observing fine structure of
extremely complicated plasma distributions. An example is illustrated
in Fig. 5, showing jagged, turbulent features in an expanding plasma.

In this particular sequence, the wain laser beam consisted of a large number
of closely clustered pulses of a few tens to a few hundred picosecond ia
duration which could only be partially resolved on the oscilloscope
(Tektronix type 319) trace., Comparison with interferograms obtained

with temporally smooth pulses indicates that such turbulent behavior is
associated with pulse substructure,

The time sequence of interferograms of a plasma expanding from a line
focus on a l-mm-thick magnesium target is shown in Fig, 6. The intensity
of the laser beam in this case was about 5 x 1011 w/cm2 at the target,

The interferograms on the left view the plasma along the short dimension
and those on the right along the long diwension of the focus. Backgrouad
fringes have been added to the interferograms on the right to aid in the

determination of electron densities.

During the early stages, the plasma expands rapidly in a manner similar

to that observed with the point focus measurements. The plasma retains the
ellipsoidal aature of thé original line focus throughout the times covered
in the measurement, although the transverse expansion of the short dimension
is faster than that of the long dimension. Regions of uniform electron
density are observed throughout the plasma which arc parallel to the

axis of the original focus. As the plasma expands such regions remain
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uniform and apparently free of microscopic plasma instabilities on the
scale of 15 pm,

Electron density profiles obtained from the line focus measurements
along an axis perpendicular to the target through the center of the plasma
are shown in Fig. 7. The analysis of electron density distributions from
a line focus is simplified because the major contribution to the phase
integral arises from a region of constari density through the center portion
of the plasma, However, corrections arising from the nonuniform areas at
both ends of the cylinder were included. Electron density distribution at
four different times of the plasma expansion are shown,

The electron density distributions for all of the time measurements
are observed to decay exponentially with distance from the target surface,
and scale length of the deasity distribution increases with time.
Meaourement of the densities near the target is limited by the large
electron density gradients. The maximum observed gradient is the same for
all curves at 2 x 1021 cm-3/cm. This value is in agreement with the
theoretical limit of the optical system as determined from Eq (1) for a
plasma column 1 mam in length.

Extrapolation of the exponential curves taken at 0.5, 0.8, and 1.5 ns
shows an intersection at the target surface at a density of 2 x 1020 cm-3.
This implies the presence of a density gradient steeper than exponential in
the vicinity of the target surface, if the electron density is assumed to
reach the critical value (~1021 cm-3) for the 1.06 y.m laser.

The velocity of expansion can be determined by reasnring the extreme

detectable edge of the plasma at different times. This position in the
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plasma is determined by the minimum detectable frirge shift (~ 1/4 fringe)
. 18 -3 .
and corresponds to a density of about 2 x 10 cm . Such a curve is
shown in Fig. 8 for plasmas genera d with a 2.5 nsec main laser pulse.
2
Data are shown for a line focus on a Mg target (solid dots) at 5 x 1011 W/em

’
and for a point tocus on Af targets of .thickness 250 pym (open squares) and
25 uym (solid square) at an intensity of 1013 w/cmz. The expansion is fairly
uniform during the main laser pulse with a velocity of about 4 x 107 cm/sec,
The velocity also appears to be independent of target material, as well as
laser power density in the range covered here. The latter is in good
agreement with recent results reported by Mclean, et al.9 After the end of
the pulse, the plasma expansion velocity decreases and, in the case of the
25 ym-thick Ag target, the plasma actually recedes towards the target,

The slowing down of the expansion at the end of the pulse is typical
of behavior observed here under a wide range of experimental circumstaaces,

and coincides in time with the flatening of the observed interferometric

pattern (see Fig. 4). This behavior is shown more clearly in Fig., 9 where

plasma expansions for two different pulse durations are compared. A point

: 13 2
focus was used on a 250 um Af target with a power density of ~ 107" W/em .
Again initial velocity of ~3.5 x 107 cm/sec.and recession of the plasma after
the laser pulse are observed, 1In this case, the diiference in pulse duration
results in a time difference at which the maximum extent from the target occurs.

The plasma expansion from a polyethylene tarzet was also studied with

a 1.5 ns main laser pulse, and results were compared with the data from
an A{ target (Fig. 10). The initial expansion velocity is the sacze from

the two targets. However, the plasma from the lighter polyethylene target

reaches a greater maximum extent from the target (1.8 mm) before slowing
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in expansion than do the plasnas from the heavier metallic targets. It is
unclear whether such behavior is related to the atomic aumber or electrical
insulation property of the target material. 1In the latter case, this result
may be assocjated with the possibility that current loops close within the
target for conducting targets, but must close within the plasma for
insulating targets.

1V, SUMMARY

Laser-generated plasmas have been studied interferometrically using
a frequency-doubled probing pulse {rom a Nd:YAG mode-locked laser which
gave a time resolution of 30 psec and a spatial resolution of 15 pa.

The plasmas were generated with a pulse from a Q-switched Nd:Glass laser,
with pulse duration variable from 1.5 to 5 nsec using both point and line
foci on target. The laser pulses were precisely synchronized in time so

that time-dependent characteristics of the plasma expansion could be studied.
The use of independent laser pulses for this study allowed time-resolved
information to bz obtained about the plasma during the period that it was
illuminated by che heating pulse.

Observation of the expansion characteristics of the plasmas showed a
rapid expansion with a velocity of ~4 x 107 cm/sec during the heating
pulse, foilowed by a slower expansion and recession in some instances after
the end of the heating pulse, The initial expansion velocity was found
to be independent of target material and did not change significantly as
the laser intensity was varied over two orders of magnitude, Spreading
of the plasma along the target surface was observed in a pattern similar

to the current distribution recently inferred by Drouet and Repin7. The
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patterns obscrved here suggest a distortion of thc current paths in the
plasma resulting in a lowercd inductance,

Expansion characteristics of a plasma from a line focus were compared
with those from a point focus. The plasmas generated from thc line focus have
the same initial expansion velocity as those from the point focus. The
elongated nature of the line focus is retained in the plasma during and
after the heating pulse, although transverse expansion of the short
dimension is somewhat faster than that of the long dimension. 1In general,
the plasmas thus produced appear to remain uniform and free of instability
on the scale of 15 pm for the range of timz delays which werc used,

Electron-density profiles were determined for the plasmas generated
from the 1.. focus at several times during and after the heating pulse.

The electrun-density distribution was found to decay exponentially away
from the target at all times, while the scale length increases at later
times. Density gradients up to 1021 cm_3/cm are observed at distances of
the order of 100 um from the target. Extrapolation of the measurements
shows that the density distribution must rise fastcr in the vicinity of the
target than exponentially, if the critical density is to be reached in
front of the original target surface.

Conparison of the plasma expansion from a polyethylcne target with
that from the heavier metallic target shows an identical cxpansion velocity,
but no tendency for the expansion to slow down after the heating pulse ends,
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

FIGURE CAPTIONS

1 - Schematic diagram showing optics of both the probing (30 ps

mode-1c tked Nd:YAG laser) and the heating laser (1.5 - 5.5 ns

Q-switched Nd:Glass laser).

2 - Syochronization scheme between the Q-switched and the mode-locked

laser.

3 - Schematic diagram showing laser focusing optics, frequency-doubled

=

(A = 532 nm) probing laser beam, Jamin interferometer, and
recording system,

Time evolution of expanding plasma as shown by ne-background
fringe interferograms. The plasma is produced by irradiating a
0.25-mm-thick Af target with 2.5 ns Q-switched laser pulse,

Point focus is used., The time sequence is obtained with separate
shots by varying the delay time between the heating laser and the
probing laser pulse. An arrow mark indicates the sloping portion
of plasma (sce the text).

Plasma interferogram showing jagged structure due to turbulence,
The heating pulse in this particular run is believed to consist

of closely clustered multiple pulses,

Interferograms obtained with a line focus on a Mg target, where
axial as well as side views of the cylindrical plasma are recorded,
The interferograms taken along the axial view have background fringes,
Small ripple in the fringes may be due to nonuniformity in the

incident laser pulse.
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Fig.

Fig.

Fig.

Fig.

7 -

8 -
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10~

Electron-density profiles of expanding cylindrical plasma for four
different delay times. The heating laser pulse duration was 2.5 nsec,
and the target material was magnesium,

Location of isoelectron density front as a function of time,

The duration of the heating laser pulse was 2.5 ns and the plasmas
are produced by line focus onto 0.25 mm A¢ target (square) and

also point focus onto 0.025 mm AL target (open circle), respectively,
Iiozlectron density front of expanding plasma as a function of time.
0.25 mm Af target is irradiated by point focus of 5.5 ns (closed
circle) and 1.5 ns (square) heating laser pulse, respectively,
Location of expanding plasma front as a function of time. 0.25 mm
AL (closed circle) and polyethylene (square) targets are irradiated

by 1.5 ns main laser pulse.
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Efficient Harmonic Generation

From 532 nm to 266 no in ADY ond !ID""?T

J. Reintjes and R. C. Eckardt
Naval Research Laboratory
Washington, D.C. 20375

Abstract

Second harmonic generation of mode-locked pulses in ADP? and KD*p
from 532 nm to 266 nm with 85% conversion is reported. Two-photon
absorption coefficients are measured for the two materials end found
to be relatively unimportant in the limitation of harmonie coaversion

compared to the effects of phase mismach and dispersion.

TWork supported in part by Defense Pdvanced Research Projects Agency
under ARPA Qrder 2694,




The generation of the fourth harmonic of Nd laser radiation by two successive
stages of sccond harmonie generation provides a convenient source of high-power
ultraviolet pulses for a varicty of applications. In experiments involving high
conversion levels, there have been significant discrepancies reported betwcen
theory and experiment in the couversion efficiencies of the second harmonic to
fourth harmonic in crystals of ammonium dihydrogen phosphate (ADP) and potassium
dideuterium phosphate (KD*P). Typieal experimental valueslie between 30 and 407
for a wide range of experimental eonditions and pulse durations, while corres-
ponding theoretieal conversions are in the range of 70-80%. It has been pointed
out that conversion of short laser pulses can be limited when dispersion in the
group velocity reduces the speetral width of the phase matehing peak below that
of the laser pulsel. The observed discrepancies in conversion efficiency have
also been attributed in the literature to such varied processes as energy loss
due to linear or nonlinear absorption at 266 nm, disturbance of the phase mateh-
ing condition due to absorption followed by local heating, and improper or in-
complete phass matching™ ',

In this letter we wish to report observation of high effieieney conversion
of picoseeond pulses from 532 nm to 266 nn in short crystals (4 mm in length) of
both ADP and KD*P. Energy conversion efficiency up to 85%, the highest value
yet reported at these wavelengths, has been observed in ADP, and comparison with
theoratical caleulations shows excellent agreement, We also investigated the
relative importanee of absorption losscs and limited phase matching due to phase

mismateh in the crystal or phase modulation of the pump pulse in limiting con-

version efficiency.
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The sccond harmoaic conversion measurenents wero made using single amplified
pulses of 30-pscc duration from a mode-locked Nd:YAG laser. The infrared output
pulses were frequeacy doubled to 532 nnoin KDP with an cfficiency of abayt 70%,
and vesidual infrarad radiatiou was prevented from reaching the uv generating
crystzl by a calcite polarizer, Typical green inpat energies of 15 mJ were
measured with a calorimeter. The pump pulse duration was measured with a 5-psec
Tesoiuvtion streuking camera vhich showed single pulses of 30-psec duration without
amplitude substructure. Spectral measurements of the green pulse showed a yidth
of .07 nm, Correspunding to self-phase modulation of 0.8 which originated in the
laser amplifier chain. The“bcnm profiles as observed with a silicon photodiode
arrav were elliptical-Gaussian clipped on the horizoatal edges by a liniting
aperture at the KDP crystal, Vavious telescopes were used to obtain different
incident inteasities of the pump pulse at the fourth harmonic crystal while

o

maint2ining constant enecrgy,

Harmonic conversian etficiency from 532 nm to 266 am wvas measured by moni-
toring simultancously the incident and transmitted 8reen pulses along with the
generated harmonic pulse as the crystal twas tuned through its phasq-matching
p0ak Dy varying cicher the aagle or temperature, In addition to observing the

harrmanic genevation and puwp depletion, ve observed the variation of the nor-

alized sum of the harmonic pulses and transmicted green pulses

B,
E 2
Q [o)

whoars ht is transmitted green energy, Eh tihe harawnie energy, and EO the incident
Sre-mennepy. A deviation of the sum from unity as the crystal is tuned across

" rhdew matebing peak indicates the prescence of optica. losses in the crystal,
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Linear and nonlinear absorption at 266 nm were measured separately on several
sanples of each material. Linear absorption coefficients for both materials
were 0.035 cm-l. Two-photon absorption coefficients were determined to be

. -11 - . -11 o . o
£=64+1x10 cin/V for ADP and B = 2 + 1 x 10 cm/W for KD*P. No signifi-
cant sample-to-sample variations were observed,

We investigated the effect of crystal length on harmonic conversion effici-
ency using 4-mn, 12-mm, and 25-mm crystals of AD? and 4-mw, 12-mm, and 20-um
crystals of KD*P (the two shortest crystals of KD*P were 997 deuterated and the
longest 90% deuterated). The 25-mm crystal of ADP was temperature tuned at 90°
phase matching while the rest of the samples were angle tuned at room temperature,

g : 9 2
Peak intensity of the green pulse was 10° W/em™ for these measurements. For each

material counversion efficiency first increased with crystal leangth and then

3
decreased (Fig. 1). This behavior is similar to that reported elsewhere and has

been used to infer the importance of nonlinear absorption in reducing the efficiency

in loanger crystals. 1In the present case, however, the constancy of the energy suum
‘see Fig. 1) shows that the effect of optical losses is negligible. This result
is in agreement with calculations based on the measured absorption coefficients,
which show that two-photon absurption is not effective in reducing conversion
below 907 when the optimum crystal length is used,

The increased green transmission in the longer crystals indicates that
the harmonic is driving thie fundamentazl through a parametric back reaction,
implying a loss of perfect phase matching. This effect was confirmed by
spectral measurements which showed that considerable structure appeared on
both the transmitted pump and generated harmonic pulses vhen the longer crystals
were used (Fig. 2). This behavior is consistent with calculations of Karamizin
and Sukhorukov5 vhich indicated that phase modulation in the prescnce of group

velocity mismatch results in amplituds structure on the pualse. Our
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calculations which take into account dispersion and parametric btk reactions f

and which will be presented elsewhere in greater detail show that the cowver-

Py

sion of phase-modulated pulses undergoes oscillation with crystal length. Th~
result for a Caussian phase-modulated pulse with the parameters of our input

pulse is shown in Fig. 1. The experimental variatiocn of conversion efficicncy

with crystal length is qualitatively accounted for by this calculation. Exact quantitative

agreement for all crystal leangths would require precise knowledge of the phase

T A T p

structure of the iaput pulse.

If lack of perfect phase matching is the only limiting mechanism of convex-
sion in longer crystals, optimum conversion should be obtained in shorter ones, :
Accordingly, we measured conversion as a function of puwmping intensity for 4-mm

samples of ADP and XD*P (Fig. 3). The energy conversion increased monotonically

with intensity for both materials, Efficiencies up to 85% were observed in ADP
B - . R g 2 ;
and 75% in KD*P at pump intensities of 8 x 10” W/cm , The measured valv?s of
energ, coaversion in AD? were compared with theoretical calculations using
p ; -12
experimentally determined beam parameters and a value of dCff = .56 x 10 m/V
. . - ) | e
for the second harmonic coefficlent . Theoretical curves are shown in Fig, 3 2
of harmonic conversion of pulses with Gaussian temporal shape and either uniform
or Gaussian spatial profiles. The experimantal points for ADP lie consistently
between the theoretical values calculated for these two beam profiles. This
indicates that good agrecmont batween theory and experiment would be obtained

for a spatial puofiie which is intermediate between the two forms which were

considered heve. Such s intermediate profile would be representative of the

clippad eiliptical heam actually used in our experiwzznts. Thus we conclude that
our experimcncally deterained conversion efficiencies are in substantial agree-

pont with theorw, with sore ewact quentitative agreenznt requiring more precise
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knowledge of all beam characteristics. The consistently lower values of conver-
sion efficicncy for KD*P as compared to ADP can be accounted for by the lower
tabulated value for thg sccond harmonic coefficient.

The results presented in this letter demonstrate that the most efficient
harmonic coaversion of 30-pscc pulses from 532 nm to 2066 na in ADP or KD*P is
obtained in short crystals (< 1 cm) at high inteasities (> 109 w/cm;). If non-
linear absorption were the dominant limiting mechanism, optimum conversion would
require the use of long crystals and low intensities, lowever, cur measuvemencs
show that absorption effccts causc negligible energy loss for the harmonic genera-
tion in this experiment. Conversion efficiency in long crystals is limited by
group velocity dispersion combined with small amounts of phase mismatch., Perhaps
more important than decreased conversion is the appcarance of spectral and tem-
poral distortion of the harmonic pulses that occurs in longer crystals.

The use of picosecond-duration pulses limits this investigation to instan-
taneous effects., These results therefore can provide a useful basis for com-
parison of results obtained with longer-duration Q-switched pulses at high
repetition rates in which instantaneous and long-term effects have not been
unambiguously distinguishad. Our measurement of two-photon absorption in ADP
is consistent with the value which can be inferred from measuremecuts with longer
pulsesB. Consesequently, we do not expect this absorrtion to increase due to
integrating effects. Thus, nonlinear absorption by itself is unlikely to cbfec-
tively limit conversion of longer Q-switched pulses. It can however cause local
heating, resulting in loss of phase matching as has been previously observndz,

A comparison of ADP and KD*P showed that the two materials behaved qualita-

tively similarly under short-pulse excitation. Conversion cfficiency in the

short crystals was slightly hkigher in A" than KD*P for a given pumping inteunsity.
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Measuroments on longer crystals of both materials showed the same degree of
spectral structuve, indicating that the group velocity dispersion of KD*P is
close to that of ADP in this wavelength range. KD*P has the advantage of better
statility with swall chaages in temperatureA, and the lower two-photon absorption
coeificient could reduce local heating at higher average powers.

The authors thank David Anafi of Lasermetrics for use of the 20-mm KD*P
crystal and J. M. McMahon, C, Y. She, and L. J. Palumbo for critical reading

of this manuscript.
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we have used this value for our calculations and have determined a value of

d £F = d x sin 6 PM = ,56 X 10-12 m/V for the effective coefficient of ADP

ef

O
at a roon temperature phase matcl._uy angle of 80.3°.
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Fig. 1 -

Fig, 2 -

Fig. 3 -

FIGURE CAPTTIONS

Dependence of harmonic conversion efficiency (a) aad energy sum (b) on

crystal length. Experimental points arc deternined at the peak of the

phase matching curve. The theoretical curve (solid line) is calculated

for a phase modulated pulse with the parameters of our input pulsc,

taking into account group velocity dispersion and parametric back

reactions. The dotted line is drawn through the experimental values

of the energy sum.

Spectral distribution of incident and transmitted pump and harmonic

pulses in 25 mm ADP crystal.

Dependence of harmonic conversion efficiency on peak pump intensity for

4-mm crystals of ADP and KD*P. The theoretical curves are calculated

for ADP in the absence of dispersion for the indicated spatial profiles.
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length Laser Calculations for Electroa Pumping
in Carbon-Like and Heliua-Like Joas*

L. J. Palumbo 2nd R. C. Elton
Naval Reseaxrch Lzboratory
Washington, D.C. 20375

A steady-state computer code hzs beea used to corpute
population densivies of excited terms in carbon-like and
helium-1like ions., It is’ shown that an inversion between terms
of the 15°2s%2p3p and 18%2s%2p3s configurations sufficient to
produce observable laser gain can Gtz obtained in high-density
plasmas such as produced by laser i:rrsaliation of pellets or
electreragnecic:z11r driven pinch discharges. Such inversions

1 1

to
the 1200-202 % rznzs, Shorter wavelength lasinz (80-
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on 1s3s»1s7p :iransitions in helium-like ions of Z = 10-%) is
also mcdelzZ; bu: significant gain is probably not possible

with curreat slasnsz devices. 1

*This work is part of the joint NRL/ARPA Soft X-Ray Laser Program
(ARPA Order 2694>.
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I. INTRODUCTION

An intense cffort has been underwvay for the past several years to find

methods for generating coherent radiation at wavelengths shorter than 1000 ﬁ,

as is evidenced by the large number of expericzental and theoretical publications
in this ficld. Details are treated in a recent review paper1 and in rcferenccs
therein. Barring some fortuitous discovery, short-vavelength lasing will most
likely be attained by a progressive step-by-step process, possibly working from
known lasing scheinzs in the UV to shorter and shorter wavelengths into the soft
x-ray spectral region. A straightforward approach would be the isoslectronic
extrapolation of a known lasing scheme in the visible or near-Uv involving a

4

R .2
neutral atom or a low stage of ionization ,

]
r

and

:ttaining vacuum-yV lasing
using higher stages of ionization as crcated in a plasma. As a prccedent, a
number of ions have recently becn shown5 to lase in the ncar-UV region in
Z-pinch plasma dcvices; extrapolation to non-cavity amplification is the first

challenge. .

This article reports on a scheme for achieving lasing brlow the 1000 £
"barrier" by the isoelectronic cxtrapolation of a transition which is respon-
sible for a large number of known visible znd near-UV ion lascrs, many of which
have been shown to lasc in the cw mode, i.e,, with stcady-state population
inversion. This is of great importance for vacuusz-UV lasers, vhere self-
terminating inversions require very short puap risetimesl’6. The method and
rcsults reported here represent primarily a refinement of previous analytical
calculations for 3p-3s lasing in six-electron carbon-like ions, foll wing
electron collisional puwping from a 2p ground state rescxvoir7. Initial
cxtrapolations to high densitics8 arc expanded upon, Also, the rultiple ionic

energy levels and the atomic transitions between them ave considered in increased

detail herc through the use of a computer prozran which solves coupled steady-

state rate cquations to obtain energy-lcvel population deasitics for given

plasma conditions, The addition of ionization and recombination, as well as

radiative trapping, rcpresent other important advances in the prcsant results,
Because of the close similarity between the carbon-like scheme and another

elccticu-collisional pusping scheme involviag 3. 25 lasing (collisionally

puoped 1s53s) in the 30-100 & range in woderate-Z helium-like ions, the computer

code developed for the carbon-like ions was alsos used to wodel this two-cleciron
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scheme.  Although population inversions w2re computed and are presented for a
wide range of plasma conditions and for a nuaber of clements in the helium
isoelectronic scquence, the resulting nzt gzin calculated is insignificant at
densities and dimensions available in statz-of-the-art plasma devices.

Both of these schemes operate over tvaasitions of insufficient energy to
cause photoionization losses in the awplifying medium, in contrast to innershell
schemes proposed for short-wavelength lasing where such losses can be the limiting
factorl’g.

Descriptions of the physical model and computer code are given in the next
section, results fcr the carbon-like and helium-like schenes are presented and
described in Section 111, and the feasibility of these scheines for producing

short-wavelength lasing is discussed brizfly in Section 1V.
1I. NUMERTCAL MODEL
A. Pumpinz Schemes

As diagrammed in Fig. 1 for the gix-elzctron carbon-like species and mentioned
jn the Introduction, the 3p 3D upper laszr terum is assumed7 to be
pumped by clectron collisional excitaticn Izom the 2p 3p ground term on the
same ion 0. Radiative coupling of these twd terms is dipole forbidden, so that
spontaneous and sticulated enmission into the 3s 3p lower laser term is favored.
Also, the population density in this latter term is rapidly depleted to the
2p 2P ground wreservoir" term by dipole cecay, resulting in a possible stcady-
state population inversion and quasi-cw 1a3Ing. The terninology ''quasi" here
refers to possible transient lasing conditions associated with environmantal
plasma changes; and not to self-terminati. often associatzd with short-

wavelength laser schem2s and caused by izc: of either lower Jaser term depletion

1

Y]
rt

or reservoir state replenishment. The ser is a common problem with many
schemes based upon puzping by jonization oz recombination and is elimirated in
a single-ion schece such 28 modeled here, where the initial reservoir term is
rapidly replenishel by dipole decay from the lower laser term with continuous

lasing resulting. ’
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At the increased densities required for amplification without nultiple
pass cavities, collisional mixing betuweea terms becomes an important p.ocess
competing with radiative transitions, and the nearby 3d ®D terw is the most
important, This term is strongly dipole coupled to the ground tarm (2s is the
lover laser term) and is included in the rmodeling. This stronz radiative
coupling also requires the inclusion of resonance trapping effects for both
terms in the numerical model. The total decasity of lasing ions ia the plasma,
and hence the net gain, would be affected by significant jonization or recom-
bination. For example, at the high temperatures desired for larze collisional
pumping the former is a concern for creating significant densitizs of boron-
like ions. Hence, ionization and recombination rates between carbon-like and
boron-like ions are included,

In close analogy to this 3p-3s model, the 3s 'S term in h2liva-like ions
is assumed to be pumped from the 1s 'S ground ternm by collisions, with lasing
taking place on 3s 1S—i’.p 1P transitions followad by rapidls 2p 1ps1s” 1S resonance

decay. The detailed term structure is shown in Fig. 2.
B. Rate Equaticn Cede

In the most general case, the populations of the excited and zround
levels of an atomic species in a plasma can be determined at each point in
time by the simultaneous solution of a szt of rate equations which express
the time rate of change of the populaticn density of each atonic energy level
as the sum of the rates which populate this level by transitions from all other
levels, minus the sum of the rates which reduce the population of the given
level by transitions into all other (higher or lower) levels. 1I7 the rate at
which plasma conditions (temparature and density) change is much snaller than
the dominant transition rates in the tire-dependcnt rate equaticas, then ecach
rate of population density change can be neglected (set to zero); this yields a
coupled set of time-independent or steady-state rate equations, 2ach of the form

dN
k

— =2 0 =

t

[~

W, W, - Voo
Nj ik Nl‘ Z] ka ¢ (]_)
7

.
.

vhere t is the time, XN, and Nk are popuietion densities of 1lcvels j and k,
]
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and wjk (simlarly ior ij) represents the sum of the rates for 211 atonic
processes which populate level I from level j. An equation of type (1) is
requirved for each level, k,considered, 1In general, levels j and k may be in
the same or in different ionization stages and the W's are functions of the
jonization species, the temperature, the density, and the radiation field
intensity at each point in the plasma.

For a precise dynamical plasma model, one must solve a large set of
time-dependent rate equations, taking into account all important excited
and ground levels for cach stage of ionization of cach element found in the
plasma. All significant atomic processes affecting the populatioa densities
of these levels (including jonization and recombination) must be inclucded in
the computation, 2as well as the possibility that the populations zay rv not
only temporally but also spatially due to boundary effects, plaswma motion,
plasma structure, radiaticn transport, etc. 1t was rot the aim of the present
effort to produce such a full-scale plasma model. Rather, the purpose was to
introduce certain simplifying plasma assuzptions into a model to estimate the
conditions required to produce population inversions in plasma ions, to look
for optimum plasma copditions, to identify promising elements and ionization
stages for producing lasing in existing plasmas, and to gain physical insight
into the processes resulting in or hindering the achicvenent of short-wavelength
lasing in highly stripped ions.

In the present code, the population dansities of the levels of iaterest
and the electron and ion densities are assuwed to be spatially horozen20us;
they are also assuned to be time independent in order to avoid the solution
of a set of coupled differential equations, rendered nonlinear by the inclusion
of radiation trapping as discussed below, Thus the inversion and zain computed
here would be valid for a homogeneous portion of a lavger plasma and would be
applicable to plasnas which maintain their conditions for a reascnzbly loag
time. Similarly, all other relevant plasma parameters, such as the e¢lectron
temperature, Te, znd the ion temperature, Ti (which is assumed in most cases
to be equal to Ieunier the equilibrium conditions achieved rapidly at nigh
densities), are assurad const. nt in time. Plaswas in existing devices which

satisfy this cordition are ment1 ted below.
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The credibility of the present calculations is enhanced by the azrecmeant
between the results veported here and experinmental results5 for sizilar ionic
configurations, In a sense, the present steady-state wodel yields rainly
minimum lasing requirements. Transient conditjions can be defined
during a heating phase in which enhanced inversion densities (znd gains) can
be achieved at higher temperatures before significant ionizing depopulation of
the desired species occurs; this possibility is analyzed pelow for the
carbon-like ions.

It should be noted here that altbough the present analysis for 3pads
lasing concentrates on carbon-like ions, the computed posulatioa inversions
and gain should be comparable for 3p-3s transitions in thz boron-like through
the neon-like sequences, i.e., where 2p valence electrons exist. The six-
electron ion was chosen as a model because it was cxpected7 to produce slightly
(but not significantly) more gain than other ions of more or fewer electrons.
In fact, bocon-like ions may produce a sinpler spectrus, and neca-like ions
may be advantageous due to the extended lifetime association with rare 2as type
ionic species of increased ionization energyll.

The set of equations (1) is solved when reduced to a finite and tractable

number by considering only the most relevant levels in the carb

helium-1like ion. For the triplet terms in the carbon-1lile ion,

corresponding to a particular J value are assumed to ba populate

isio

-

to their statistical weights. This is plausible since col
rapid between these closely spaced levels for the large electro
required to achieve observable single-pass gain along the snall
attainable with present-day devices. Hence, in computing the ¢
population densities, the levels of « given term are lu-ped tog
averaged terio-to-term transition rates are used in Eq. (1). Pe

the width of the lasing line is less than the 3p-3s muliinle

~
w

gain is computed only for the strongest conponent of the rultis
only “hose terms of the ground and excited confisuraticns which
to have the largest c’fect on the population inversion ave cons
energy levels and the important transitioas between thzq are o

Figs, 1 and 2.

227

on-like or

the levels

d in proportion
nal mixing is
n densities
plasma lengths
arbon-like
ethar and the
wzvwar, because
plitting, the
let. Also,

are expected
idered, The

cluded in




Thus, a coupled set of five equations of type (1) are solved for popu-
lation densities of the fellowing carbon-like terms, where the numbers in
parentheses are the respective subscripts used in subsequent equations and
in Fig. 1: (1) the ground term, 2p° ®P; (2) the lower laser term, 2p3s °P;

(3) the upper laser term, 2p3p 3D; (4) the ncarest competing term, 2p3d 3D;
and (5) the ground term of the next higher ionization st:ge (boron-like ion).
Transitions from the ground term into other excited triplet terms deplete the
ground reservoir term population by at most a few percent for the conditions
which show appreciable population inversion, and are thus ignored. The three
terms of the ground configuration of the carbon-like ions {under most plasma
conditions of interest here) contain most of tie population, and it is assumed
that this population is divided among these terms in proportion to their
statistical weights; with 60% [P in Eq. (17)] of the total population density
in the triplet system (shared by the ®P ground term and the sparsely populatcd
excited triplet terms) and the remainder shared tetween the 2p2 1§, 2p2 1p,
and excited singlet terms, The total ion density is tied to the electron
density through charge neutrality,

Because it is desired to operate at a high temperature for rmaximun pumping,
only ionization equilibrium with the next higher ionic spezcies is considered.
The gain is optimized Oy selecting a temperature for rapid pumpingz without
excessive lasing-species depletion by ionization. Analogously, for the helium-
like ions, a set of five coupled rate equations is solved with subscripts 1~
tﬁrough 5 designating the following singlet terms: (1) the ground term, 1s® !s;
(2) the lower laser term, 2p 1P; (3) the upper laser term, 3s 1S; (4) the nearest
competing term, 3p 'P; and (5) the 1s ®S ground term of the next higher (hydrogenic)
ionization stage. Tre fraction of the total helium-like ifon density which
occupies the triplel system is expected to be small for the high 2's and high

densities couhiduzééﬁhere.
C. Rates Applied

In computing the rates (W's) in Eq. (1), estimates of all important col-
lisional radiative processes between the five terws mentioned abova were included
vhere applicable. Specifically includod for the lasing ion were electron-

collisional excitation, deexcitation, ionization, and recombination (three-body
3 H 3
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as well as spontancous photoemission, resonance photoabsorption (through a radiation
trapping treatment), and radiative recombination. The cffects of photaicnization and
dielectronic recombination processes were insignificant., For efficient computation, simple
analytical estimates for the rates of the variocus atozic processes were used in

cr
place of more accurate quantum mechanical calculations or published tabulations
of such results (which are not available for all transitions, species, and
jonization stages required in the present stud;). Most of these analytical
formulas were obtained from collections included in References 12-14. A
Maxwellian velocity distribution of electrors was assumed to hold for all

calculations.

1. Excitation and Deexcitation

P . : . 15 .
For the numerous transitions and ions includad, the convenient™  effcctive
o J 16 1
Gaunt factor, or g, analytical formula of Seaton” and Van Regemorter 4 wvas
used to compute the collisional excitation rate, Cjk’ for transitions from

lower level j to upper level k

}, 1
¢, =nNx =64 (57 wadwn [ )* (e \x
J J h kT, 23
4 (2)
fjk <g >jk exp (—AEjk/kTe),

where Ne is the clectron density, X, 1is the collisional excitation rate

jk
coefficient, h is Planck's constant, a_ is the radius of the first EZohr orbit,
EH is the ionization potential of ground-state hydrogen (13.6 eV), k is the
Boltzmann constant, T is the electron temperature, LE_ is the erergy gap
e J

k

betveen levels j and &k, £, is the absorption oscillator strength Zor j-w%
| x

transitions, and < g > is a Maxwellian-averaged eifective Gaunt factor. The e

»

rates for collisional deexcitation, D, ., were computed from the rates for

kj
collisional excitation through detailed balancing,
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B,
D.=NX, K =-1c, ” . [k 3
kj CXRJ g, Jk €rp (Aij e 3

vhere ij is the collisional decxcitation rate coefficient and g, and g, are
the statistical weights of levels j and k, respectively,

The energy-level spacings, AEjP’ vere approximated by scaling either as
z° or z for levels j and k of different or same principal quantuz nuaber,
respectively, vhere z is the spectrum number or the charge seen by the outer
(optical) electron. Scaling coefficients were estinated from tabulated energy

8,19
B, and spectral lincszo, and the £E's should be accurate to batter

levels
than 15%. The oscillator strengths required for the modeling of the carbon-
like scheine uvere assumed21 to be constant along the isoelectronic sequence for
Anﬁb transitions and to vary as 2" (where Z is the nuclear charge) for An=0
transitions, with values extrapolated from limited data for low ionizaticn
stages published by Wiese, et a118. The more abundant data18 on helium-1lik

ions allow the use of a much more accurate oscillator-sirength estinate varying
AEjk/kTe

An accumulation

m

linearly with 2%, The Gaunt factor, < E >., is a function of x
obtained earlier from an empirical fit12’163%7 ko existing dzta,
of experimental and theoretical results for scattevced cascs1 y Bl indicates that
this cmpirical fit is approximately correct for n-2 to n=3 trensitions. Thus,

the data can be fitted in the relevant range of x = 0.04 to 1.0 by a power law

expression,

<

ce |

> % @, (%)

with g = 0,17 and

fo3)
i

0.47. For x » 1.0, a constant value of 0.17 is assumed.
Fer n=3, /4n=0 transitions, it has becoma clear that tha Caunt

factor is higher and, for the relevant range of 0.01 < x € 0.7, a siwiler
relation is assumed with 5 = 0.63 and 5 = 0.15. This latter fit also appears

Lo be approximately correct for the helium-like ion resonance &

to n=2,3 vhich involve the x = 0.1 - 1.0 range., These expressicns for < E >3k
cannot be expected to be pore accurate thaa a factor of tuo =zt present, ~nd

the scparate expressions assumed are only significant {or ths icrzer values of x,
vhere a cemmon averaged expression vould lead to an overly optindscic gain resulting

from increased collisional pumping and decreased n-3 nivirg,
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The adopted oscillator strenpths, Caunt factors, and cnergy-level sealing
relations ave listed in Table 1, For cosputing the collisional cucitation and
deexcitation rates for the An=1 "dipole-forbidden' 2p °p-3p 2D trznsition betwcen
terms of the sace parity, £gs. (2) through (4) were used with an oscillator
strength assumed equal to 0.3 as deduced from caleulations published by
Vainshtein, et 3122. For the An=0 quadrupcle 3¢ ?P-3d ®D excitaticn rate
both zero and a value equal to the 3s *P-3p ®D dipole rate were assuned,

The true value is expected to be the s-aller for the small energy zzp involved.
The effect of the comparison on the cozputed peak gain values was < 20% and
a zero value was used.
2. Radiative Dzeay with Opacity
Spontanecous radiative decay rates, Akj’ were computed from tha absorption

oscillator strengths fjk’ by18

cr
=82 22 g, f
B ks S e (5)

where ¢ is the velocity of light, r is the classical electron raiius, and

Y 23
from k to j. Induced cmission t0135’1h§(j’ can be ignored for n=3 to n=2

is the waveleasth of the radiation emitted in a spontaneous trzusition

resonance transitions because I\)Bkj/f\.kj - (((g'kNj/ngk)—ll"1 =~ 0.15, for
Anjk/kTeesZ at *xT =1.P./3. This is zlso the case for transiticns bzticen
n=3 terms as lonz as - plasma is optically thin in the transverse direetion,
as is calculated for the econditions ccasidered, Resonant photoat:zorption in
an optically thick plaswa can be important in reducing the effective lover-

laser-level radiative depletion rate and, hence, destroying the stzzdy-state )
L]
’

inversion: coassguzntly, it must be coasidered in a rodel of this typ2., Since
> d ?

the only source of rescnent radiation is assumed to be from spoatzanzous erission,
resonant photo253oTptinon is accounted for by modifying the radiacive docay rate
with an “escape factor"oij(?o) accorling to a method originally treated by
Bibermanza and }iolstein_5 and convenizatly surnarized by ManirterZB, where

[=2]

ij(;o) =1 - }'u/izexp (-%%) {1»exp[—;; exp («xa)]} dx, (6)

VT
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= : . . 26
Here 7 1is the optical depth at line ceater, vnich for Doppler-broadeand lines

is piven by

¥
™, e\ *
i

E x
To 2T, P e 2

with Mi the mass of the radiating ion, Ti is the ion temperature, and r the
plasma radius. The escape factor, which is an inverse function of the optical
depth (and hence of the lower-level populacion density), ranges between zero

and unity and rcJuces the effect of the decay process at large depths. The
explicit inclusion of this factor in Eq. (1) makes this set wonlinear, requiring
a solution by iterative methods; this dictated a limitation to a reasosable
nunber of levels included in the modeling. Since the optical depth depends
upon the phvsical dimensions cf the medium, the plasma diameter became an

additional important parameter.

3. Ionization and Recombination

The most convenient formula for cemputing the rates, IjS' of electron
collisional jonization from the ground (j=1) and excited terms (j=2,3,4),
respectively, of the lasing ion into the ground term (5) of the next higher
species comes from a semi-empirical formula in a form given by Kun2027 (which

Q
fits the data compiled by Lotzzb)

3
qu 4okTe
1..=7.5% 10"% —= £n + L0 x
j5 A%S A%S
1
(kTe)z
ST kT o%P (~AEj5/kTe) sec™!, (8)
Eig KT

where q is the nanmber of equivalent electroas in the outer shell and 4E,. is

3s
the ionization potential from term j. Both kTe and AHjS are in eV, vhile N
- . . A . . 27,29
is in cm™@. For the helium-like ions, this formula is expected "’ to be

accurate to 157 for ground-state ionizaticn and 25% for excited-state jonization.

For ions other than hydrozenic and helium-like, this formula overestimales the
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ionization rate by approximately a factor-of-twozg, and this

correction was included in the carbon-like ioa rodeling. Rates for collisional
. . c . . .

(three-body) recombination, st, into ground and excited terns vere deduced

from Eq. (8) using detailed balancing and the Saha relation tc give

= 1

3 o 3 o
X (N) . B, h Ne exp (LEjj/nxe) -
= - 2 56
eq ji5 &g 2 (2xn m, k‘e)'e j5

where (Nj/ijls)cq is the thermal equilibrium population ratio and 2, is the
electron mass,

The rate of radiative recombination, R;j, into either ground or excited
terms is adopted from a formulation due to Griez 2 for the total recombination
rate into hydrogenic levels of a given principal quantum nuczber, n, with
appropriate corrections through a multiplicative factor Qj for noahydrogenic

behavior of the ground terms and for statistical weight partitioning inte

the various terms, The rate is given by

L .z _6_,1 RS ';5 N 2 - Y2 e
st =73 (3) -\ero ¢ “ij El (X) exp (x)a J"1:2;3)4) (10)

wvhere x = AEjS/kTe and El(x) is the exponential integral of indsx one. The
total recombination rate, st, into term j is c=fined by
c

i r
Rgy = Ry + R . 1

4. TIon Collisiona2l Rates

The rates for the importaunt excitation and deexcitation processes cdue to
ion co!lisions were estimated from the above electron collisional rates using
’ . - . 13
a "guillotine factor' approach described by Weisheit = and vere found to be

negligible for all conditions considered in the present modeling.
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D. Explicit Pate Egquations

Using the atomic rates defined in the above e uations, one can write
3

Eq. (1) explicitly:

1L feem i K

g "0 F (Cp ¥ C3+ Gyt 1))+ Ny (4 Fy 4 D,) (12)
TNy Dyy N, (A Fup + D4) + Ng Ry,

an,

e T 07 Ny Ry Py # Dy Gy # €+ L)+ K € (13)
+ Ny (A3 F3p + D3 ) + N, D, + No Ry,

an,

— = N N (

g = 0= N3 (Dgy + Ay Fyp + Dyp + Gy + 1300 + Ny €y 4 N, C3 (%)
N, (Mg By + Dys) + No Ry,

an,

e T N By Byt Dyt Dy Ay Bt D+ 1,0 (15)
Ry €yt Ny Gy + Ny G + Ny R,

and

an,

—_—— = —‘\._ 3 1‘

dr =07 N5 (Rgp + Ryp + Reg + Rg,) + N I, (16)

I..+ N I, ..
3 735 4 “45
“hese five equaticns are not linearly indesendent since, for the clos=d systenm
of five levels, the sum of any four equations yields the fifth. Heuwaver, an
additional constraint imposed by the assumptions of chaire neuatrality and neglect

of plasma motion (expansion or compression) yields an additional 272uation

2-6 . ] m SN b
N, = (557) (N o+ Ny + Ny + N )+ (2-5) N (17)
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which makes, for a selected electron density, the system soluble. lere P is the
fraction of the lasing-species ions which occupies terns 1 throuzh 4 aad is
set cqual to 0.6 by assumirg most of the population is in the ground terms of
which Ny represents the triplet contridbution (Section II.B.).

Equations (12)-(17) were solved simultaneously for the five unknowns, Nk
(k=1 through 5), by an iterative method. Since the escape factors for rost

conditions of interest were small perturbations, couavergence was usnally rapid,
II1. CALCULLTED RESULTS
A. GCain

The gain coefficients, g, for transitions 3p 3D+3s 2p in carbon-like ions
and 3s !S-2p !P in helium-like ions were computed from the population deasities,

, for a Doppler—broadened26 line from3

N2 and N3
2w X
znic“ 2 N, N,
o= | B 055 B (E il s (18)
Ekri o "32 72 "23 By 3,

where 8,7 B3 are the statisiical weights for terms 2 and 3, respectively. Such
gain coefficients have been computed for several decades of electren deasities
and suitable corvesponding plasma diameters. These paranzters were selected to
simulate plasmas vhich can be produced by presently available techrology.

For the carbon-like rcsults shown in Fig. 3, an equilibrium electrom Linetic
temperature, kTe, equal to one-third the ionization potential (I.P.) of the lasing
species being modeled was used, with Te = Ti; pre-equilibrium enhanced temperature
results shown in Fig. 4 are discussed further in Section III.C. bzlow.
Equilibrium calculation results at kTe = kTi = 0,7 1.P, for heliuvm-like ions

are given in Fig. 5. 1In these figures, the gain product oL is plottec vs

atomic number Z (2nd corresponding iaser wavelength) and for sovaral values of
clectron density Xe and plasma diameter d, with a fixed lenzth L = 108 chgsen.
The lower density curves, a and b, correspond to electrically drivea dense pinch

3 M, ]
»2% yhile cha hisher density curves, ¢ and d, are nore typical of laser-

. 34 g 3 .
heated pellet coaditioas . The assuinptien L = 104 is based upon an aspect ratio

. 3
devices

of 10:1 which is considered to be a reascnable maxicmum along a straight line

axis in state-of-tie-art plasma devices, The valuss chosen for d cxceed those
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helow which severe diffraction losses would be expected to enter, i.e.,
da > ()L)% or d >> 10 for a 10:1 assuned aspect ratio. The computed gain
products gl do not exceed 10 (corresponding to a single-pass gain of ¢°)
where it would be anticipated that saturation c¢ffects and particularly radial
superfluorescence would enter as the preduct ad approaches unity, Thus, the
choice of diameter d is dictated by a difiraction limit minimum and a radially
thick maximum,

For clarity, the gain curves are shown as continuous lincs, although
computations wvere performed for integer values of Z, Significant gain products
at higher Z values are achieved with the increased pumping rates associated with
the higher electron densities, Each curve exhibits a minimum value of Z below
which an inversion is not obtained because of dominant collisional mixing (the
onset of Boltzmann equilibrium) Letween the upper and lower tcrms, which are
closely spaccd at these low Z values, (Negative gain values are not indicated
on the log ai scale.,) All curves reach a peak at a Z value somewhat higher than
the collisional mixing cutoff due to a gradual reduction of the mixing efiect
resulting from the increas~u spacing of the laser levels with increasing Z.
The decline in gain product as Z increases to valucs greater than this peak is
due mainly to: (a) a reduced fractional population of excited terms resulting
from a decrecasing pumping rate for the larger pump enexgy gap, AE13 [see Eq. (2)],
(b) a smaller number density of lasing ions at higher Z for a given electron
density (from charge neutrality), and (c¢) the linear scaling of the gain coefficient
a with wavelength as predicted8 fc aigh densities.

The low-Z (long wavelength) cutoff, as well as the position and wagnitude
of the pcak gain product have been found to be sensitive to plasma dimensions because
of effects of radiative trapping., With trapping inclnded, the peak gain rises
due to increased 3p %D population from the 3d 3D level and the low-Z cutoff shifts
slightly. The low-Z cutoff is also sensitive to the value of the n=3 laser =~ el
electron collisional mixing rate used in the modeling. The factor-of-two | c¢ision
presently expected for the values used is reflected as 1 to +2 variation in the
Z-cutoff values plotted in Figs. 3-5. However, for atomic numbers larger thaa
those at the peak of the gL vs Z curve, the calculated results are no longer
sensitive to the upper and lower laser term mixing rates, and the accuracy of the
gain product plotted should be about as good as the aceuracy of the puaping rates,

i.e., about a factor-of-two.
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B. Pump FEnergy Requirenents
For stcady-state inversion, it is the punp energy rather than pouter that
becones a siringent requirement for high gain., A lower limit on the amount of
pump energy, EP’ required can be deternined from the maintained plasma, ioniza-
tion, and excitation stored cucipies, i.e.,

3 3 o
= =N kT = 0 R
E, 5 Ng KT, + 5 N, KT, + NEJY, (19)

where Ei is the average excitation plus onization energy per ion

and V is the plasma volume. Greater amounts of source energy by (factors of

~ 20-1000) could be required to compensate for plasma-energy losses and coupling
efficiency from the pump source. The stored energies Ep are indicated in Figs.
3-5 for the peak gain point of each of the curves. Curves a and b in each figure
correspond to conditions more typical of electrically driven pinch devices, where
efficiencies of at least a few percent can be expected and energy storage systems
of tens-of-kilojoules to megajoules are available; curves ¢ and d correspond to
laser-heated plasmas at high temperatures where the efficiency may be as low as

0.1 percent and much less energy (hundreds-of-Joules) is presently available,
C. Discussion

Under equilibrium temperature conditions with kTe=kTi =1.P./3 and 0.7 I.P.
for carbon-like and helium-like ions, respectively, the results for the former
(shown in Fig. 3) are eacouraging with gain products in the vacuun-UV region as
high as oL=1.6 corresronding to net gains of exp (al) = 5. For Lhe latter
(helium-like ions), the corresponding computed gain products plotted in Fig. 5
represent insignificsat net gain, and at most a population invsrsion measurement
could be expacted for svailable plasma Zensities and dimensions such as repre-
sented here. Only vith coapressed lasecr-heated pellet plas-is of supra-solid
deasity in a linez: zeanetry could net emplification at high Z bhe conceived,

An increased electron temperature could bave a significant effect both
towards increasing the loag-wavelength cutoff point as the n=3 laser level mixing

rate decreuses [Eq. (2) for AEjk/kTe very saall] as well as increasing the gain
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product as the n=2 to n=3 puwping rate increases, Electron tewperatures
considerably above the "equilibrium valucs chosen here are not uncommon
under transient pre-equilibrium conditicns of plasma heating in wost fast-
pulsed devices, and significantly increased gain is conceivable for the interval
during which the desired ion is abundant. Such conditions are approxinated
within the present model for éﬁrbon-like ions, with the results plotted in
Fig. 4 for S and d values corrcsponding to Fig. 3 but with temperatures
increased by a factor of three. For thzse modified computations, a fixed
laser-ion abundance of one-third the total was assumed, rather than an
ionization-equilibrium value, Also, Te=Ti was again assumed, since the
electron-ion energy equipartition times are generally less than the ion
creation times at such high densities (if Ti ware less than Te’ the gain
products shown would increase as Ti—%)' Even for the somevhat conservative
temperature increase of 3x assumed here, pzak gain products of gL =~ 10 are
predicted, witn a net gain of exp (gL) ~ 2 x 10*. Thus, only a modest transient
temperature increase is required to saturate the gain (see Section II1.A.).
Erhanced temperature calculations corresponding to the heljum-like ion
conditions of Fig. 5 continued to yield very small gain products (less than

107%) and therefore the results are not plotted.
IV, SUMMARY AND CONCLUSICNS

Population densities of ground and excited terms of carbon-like and
heliun-like ions in high-density plasmzs were calculated by using the steady-
state computer model described above. All important radiative and collisional
transitions were included in che analysis and the laser gain product was
derived from the computed population densities and the plasma length. The
results of these calc:lations indicate significant gain products for 3p-3s
ionic transitions in an amplificd spontancous emission (ASE) mode, i.e.,
without a resonant cavity, and for a quasi-cw equilibrium plasaa nedel., With
enhancad temﬁeratures typical of a transient plasma heating phase, gains
approaching saturation levels are predicted, The aspect ratio has been fixed
throughout at L/d = 10; tandem operation33 could conceivably increase this to

20 with a corresponding increase of a factor-of-three in the peak gain product,
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4

with net equilibrium-wmode gains » 100. Therefore, vacoum-UV lasing at wave-
lengths between 500 and 1000 ) using existing high-density discharge devices
appears promising for a near term proof of feasibility of ASE in plascas at
short wavelengths.

Shorter wavelengths may subsequently evolve using smaller volumes heated
by such high-powver lasers as currently under development for compressed pellet
fusion; here helium-like ion transitions might also become useful at very high

densities.
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Table 1; Atomic Data Used in Calc::” tions

Carbon-Like Ions, z = 2-

lower term, }§ upper term, k AEjk fjk <g >jk
2p2 2p 2p3s °p° 2,35 2 0.05 )
2p® 3p 2p3p 3D (a) 0.3 (f) (c)
2p° °p 2p3d 2p° (a) 0.65 (c)
2p3s Ip° 2p3p 3D 1.10 =z 2,9/2 (d)
2p3s 2p? 2p3d ¥p° (a) 0.0 (b) (d)
2p3p 3D 2p3d °p° 1.38 2 0.75/2 (d)
2p? 2p 2p % 4+ e 3.75 2°(1.P.) == ---

Helium-Like Ions, z = Z-1

lover term, j upper term, k AEjk fjk <% >jk
1% 1s 1s2p 'p° 10.9 z* 0.83 - 1.1/z (d)
1s? s 1s3s 's (a) .032 - ,022/2 (e) (4)
1s? 1s 1s3p 'p° 12,7 2 0.16 - 0.11/2 @
1s2p P 1s3s 's (a) 0.014 + .053/z (<)
1s2p ' 1s3p 'p° (a) .21 - ,26/z (c)
1s3s !5 1s3p 1p° 0.184 =z 1.04/ 2 (d)
) IR 1s?s + e 14,1 2 (1.p.) === ==
(a) Energy gap computed from other gaps listed using AEzn = AE-;‘J“ + AEm, where £, m,
and n are any three terms. Scaling used is both predicted’ and typical of measurementsn.
(b) This quadrupok mixing is believed t¢ be small and is taken to be zero. It has little
effect on the computed gain for most cases even if it is assummed to be as large s tha
35-3p dipole rate.
(c) Caunt factor fitted to < §g >jk = 0,17 (AEjk/kTe)"°“7 for AEjk/kTe <1land <§g >jk m (1,17
for AEJk/kTe > 1.
(d) Gaunt factor fitted to < g o 0.63 (szk/kre)'°'15. 2
(e) Derived fiom collisional rates for heliun-like ions calculated by Landshoff and Perez“”,
(f) Deduced from data of Vainshtein, et al., in Ref, 22,
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Fig. 1 -

Fig. 2 -

e T

FIGURE CAPTIONS

Term diagram for 3p-3s lasing schece in carbon-like ions showing impor-
tant terms and transitions used in nucerical modeling results described,
Dashed arrows designate radiative transitions; solid arrows reprasent

electron-collisional transitions. XNumbers in parentheses correspond to

subscripts in the text.

Term diagram for 3s-Zp lasing scheme in helium-like ioas showing impor-
tant terms and transitions used in nurerical modeling results described,
Dashed arrows designate radiative transitions; solid arrows represent

electron-collisional transitions. Numbers in parentheses correspond to

subscripts in the text.

Computed gain products gL versus atomic number and wavelength for 6~
electron carbon-like ions at temperatures Te’ Ti equal to one-third the
ionization potentiai, I.P, (from Table 1). Curves a through d correspond

=3
and

respectively to electron densities of 10'?, 102°, 10°! and 10%% cm
to relevant respective plasma diameters of 3, 1, 0.1 and 0.01 mn. The
required plasma energies in Joules are indicated for each curve at peak
gain; lower values at higher densities reflect a volume decreasing as

the third pover of the diameter.

Computed gain products gL versus atomic number and vavelength for 6-
electron carbon-like ions at enhanced non-equilibrium temperatures Tc’

T, equal to the ionization potential, I.P. (from Table 1). As in Fig. 3,
curves a through d correspond respectively to electron densities of 1019,
1029, 10°? and 10°% cm™ and to relevant plasma diameters of 3, 1, 0.1
and 0.01 ma., The requirved plasra energies in Joules ere indicated for
each curve at pez¥ gain; lower values at higher densities reflect a

as the third power of the diameter.

volume decr2asing

Computed gaia products gL versus atomic number and wavelength for 2-
electron helium-1like ions at temperatures Te’ Ti equal to 0.7”times the
ionization poteatial, I.P. (froz Table 1). As in Figs. 3 and 4, curves
a through d correspond respectively to electron densities of 10'°,
10°°, 10®! and 10°% ca™ and to relev nt plasma diameters of 3, 1, 0.1
and 0.01 mm. The required plasma ene:gies in Joules are indicated for
cach curve at peak gain; lower values at higher deasities reflect a

volume decreasing as the third power of the diameter,
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Generation of Coherent Radiation at 53.2 nm by

Fifth-Harmenic Conversion®
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The generation of coherent radiation at 53.2 nm by fifth harmonic

conversion of laser pulses at 265.1 nm in both Ne and He is reported,
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Generation of Colheren: Radiation at 53.2 nm by
Fifth-Harmonic Conversion®

J. Reintjes, R. C. Eckardt, C. Y. SheT
N. E. Karangelen, R. C. Elton, and R, A. Andrews

Frequency upconversion using third-harmonic generation and four-wave
mixing has received attention in recent years for the generation of coherent
radiation in the vacuum ultraviolet (VUV) region of the spectrum1’2’3. Such
processes have been used to produce coherent riadiation at wavelengths as short
as 57.0 nm4. The generation of coherent light in the extreme ultraviolet
region by third-order processes becomes increasingly difficult because of the
scarcity of intense coherent sources at the required pumping wavelengths. The
development of frequency conversion techniques utilizing higher ordor nonlinear-
ities offers an attractive alternative to this approach, since it would
allow larger steps along the frequency scale to be made in a single conversion
process.

Several of these processes have been suggested in the literatures’ .
Although rcasonable conversion efficiencies have been predicted for some of
these interactiors, the only published experimental evidence cf such processes
has been the fifth-harmonic ccnversion of Nd:glass radiation (1.06pm) in
calcite7. No experimental evidence has been published for the generation of
fifth or higher harmonics in vapors or in the VUVS.

In this letter we report the generation of coherent radiaztion at 53,2 nm,
To our knowledge this is the shortest wavelengtﬁ coherent radiation reported

to dateg. It was achieved through fifth-harmonic conversion of laser pulses

at 266,1 nn (the fourth harmonic of a Nd:YAG laser). This process was observed
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in both He gas and Ne gas. The present work represents the first application
of higher order nonlinearities in the generation of coherent radiation in the
extreme ultraviolet and indicates the frasibility of use of such processes
for the generation of still shorter wavelengths.

Energy level diagrams for Ne and He are showa in Fig. 1. The fifth crder
susceptibility in Ne at 266.1 nm is dominated by a near four-photon resonance
(L7 = 12 Cm-l) between the ground state and the 3p [1%] J=2 level. The
wavelength of the generated radiation lies in the ionizing continuum. Efficient
firth-harmonic conversion is therefore limited to tight focusing arrangements
in which the focal depth is shorter than the absoxption length. The four-
photon resc..znce is not nearly as exact in He (Aclz 16000 cm_l). However,
the generated radiation lies below the continuum, at a level 1760 cm_1 above
the 3p state. Calculations of the refractive index which include the effects
of the continuum indicate that He is negatively dispersive for this process.
Thus optimization by tight focusing in He should be possibléo.

The pump pulses at 266.1 nm were derived from a mode-locked Nd:¥AG laser
followed bv two successive stages of second-harmonic genération with about 707
conversion in each stagell. Quartz prisms were used to separate the fourth-
harmonic pulses from the fundamental and second-harmonic pulses. The pump
pulses entered a sample cell through a MgFZ window. The cell was attached
to a 1-m normal incidence vacuum spectrometer. A CaF, lens was used to focus
the radiation at the center of a 500 um diameter aperture which replaced the
entrance slit of the spectrometer. The gas used for nonlinear mixing was
flowed into the cell and was differentially pumped ' hind the entrance aperture.
The energy in the pump pulses was measured with a calibrated joule meter after
the focusinz lens, indicating a peak power of 330 MW. The infrared and second-
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narmonic pulses were observed with a 5 psec resolution streak camera which
showed pulsc durations of about 30 pscc with no amplitude substructure. The
experiments were performed using lenses of both 5 and 10 cm focal lengths.
The charactzristics of the beam in the focus of both lenses were measured
with a Si phctodiode array. A Gaussian profile was observed in each case,
with spot sizes (l/e field radius) of 10 um and 5 um and confocal parameters
of 2 mm and 0.5 mm for the 10 cm and 5 cm lenses, respectively.

The radiation at 53.2 nm was observed both photographically and photo-
electrically. A microdensitometer tracing of the spectrum of fifth-harmonic
light generated in Ne at a pressure of 40 torr is shown in Fig. 2. The spectrum
was recorc.. on Kodak 101-01 film through a 1200 { thick Al filter. A single
spectral line is seen in the range covered, Its wildth of 0.02 nm is limited
by the size of the beam at the focus, A comparison tracing of a spectrum from
a He arc scurce in the same spectral region is also shown, with three of the
He emission lines evident,

Photcelectric signals were observed through two 1200 A Al filters with an
EMI 9750Q: photomultiplier tube and a sodium salicylate scintillator. For
wavelength —easurements, the spectrometer dial was calibrated againct the He
discharge spectrum to an accuracy of + 0.05 nm., Using a 200 .m exit slit, the
center wavelength of the fifth-barmonic signal was determined by tuning the
monochromazor dial to be 53.2 + 0.1 nm for both gases. This measured value

is in excellent agreement with expected value of 53.225 which was determined

A
from calibration of the laser second-harmonic wavelength with a Ne discharge

spectrum,
The variavion of the fifth-harmonic signal with pump intensity was measured -
in neon a2t a pressure of 40 torr using the 10 em focusing lens. Data are shown
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in Fig. 3 for 24 laser shots. The pump intensity in the focus at the highest
level shown is approximately 3 x 1014 W/cmz. A least squave fit to the data
points (solid line) gave a power law dependence with a slope of 4.7 on a
log-log scale in excellent agreement with the expected value of 5. The proper
power law dependence of signal strength witir pump intensity, along with the
exact agreement of the wavelength measurement, was taken as confirmation that
fifth-harmonic generation had been observed.

Relative signal levels were compared for the two gases at various pressures
using both the 5 and 10 cm focal length lenses., When the 10 cm lens was used,
the signal level in neon was about twice as strong as that in helium at the
same pressure., For these conditions the highest signal levels were observed
in neon at a pressure of 40 torr, The conversion efficiency was estimated
from the photomultiplier response to be of the order of 10"6 to 10"7 for an
intensity at 266.1 nm of 3 X 1014 W/cmz. Higher conversion was obtained when
the 5 cm focal length lens was used with a pump intensity in the focus of
1015 W/cmz. Under these conditions .he fifth-harmonic signal in helium was
greater than that in neon, and an estimated conversion level of 10"5 to 10~
was observed at a helium pressure of 160 torr. This conversion level is already
greater than that reported for some third-order conversion processes

Conversion in neon appears %o be limited by breakdown which was observed
to occur at a pressure of 60 torr for the weaker focusing arrangement (10 cm lens)
and at lower pressures for the tighter focus. Abrupt cut-off of the 53.2 nm
signal on the strongest laser pulses was takenﬁas preliminary evidence of
breakdown, with confirmation of the process being provided by the observation

of Ne III emission lines at 37.93 nm and 48.95 nm. o signals at all vere

observed at 53.2 nm for either focusing arrangement for necon pressures greater
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than 80 torr. Breakdown in He as evidenced by either of these two effects has
not yet Leen seen at pressures up to 130 torr.

The fifth-harmonic processes reported here have not yet been optimized for
either gas. Ia neon the absorption length at 40 torr is Q.7 mm, shorter than
the depth of focus of the 1( cm lens and comparable to that of the 5 em lens,
Increased conversion may be possible by further reduction of the focal depth,
although breakdown may become important in limiting conversion at the highes
intensities. Still higher conversions should be possible in helium, since the
negative dispersion allows conversion to be optimized in a tight focus region,
Calculations show that optimum conversion should occur at a pressure of 640 torr
when the 5 cm lens is used., Pressures this high could not be reached with the
existing pumping system. Increased conversion is thus expected in helium when
the system is operated at the optimum pressure.

In summary, we have used fifth-harmonic generation in He and Ne to extend
the range of coherent wavelengths to 53.2 nm. Conversion is in the range of
10-5 to 10"6 with further optimization believed to be possible., This work
represents the first application of frequency upcoaversion to the extreme
ultraviolet using optical nonlinearities of higher order than third, and
indicates the feasibility of using such Processes to extend the range of avail-
able coherent vavelengths ever closer to the soft X-ray range,

The authors would like to thank T. N. Lee for advice and assistunce with
the VUV photography, W, Hunter for advice on VBV equipment, M. Fink for prepara~

tion of the Al filters, and E, Tiedemann for laboratory assistance,
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FIGURE CAPTIONS

Partial energy level diagrams of Nc¢ and He showing states involved in
fifth-harmonic conversicn of 266.]1 nm to 53.2 nm.

Microdensitomater traces of a fifth-harmonic spectrum in Ne (top) and

2 He discharge comparison spectrum (bottom).

Variation of fifth-harmonic signal with pump intensity in neon at a
pressure of 40 torr. The highest pump inténsity shown is approximately

/,
3 x 101* w/cmz. The solid line is a least square fit to the data points,
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Complete Compensation of Self-Phase Modulation

in Cesium Vapor at 1,06 p*

O S eyt e g '

R. H. Lehmberg, J. Reintjes and R. C. Eckardt

Naval Research Laboratory

Washington, D.C. 20375

We have observed a complete cancellation of self-phase

modulation in 1.06 , pulses propagating through cesium vapor.
The negative nonlinear refractive index responsible for this is
measured as n2/N = - (2.5+ .5) x 10-30 esu, in good agreement

with theory.
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Complete Compensation of Self-Phase Modulation
in Cesium Vapor at 1.06 p*

R. H. Lehmberg, J. Reintjes and R. C. Eckardt

Recently, we reported the observation of self-defocusing of mode-
locked pulses at 1.06 p in cesium vapor, and attributed the effect

o 2 2
primarily to a nearby two-photon resovnance with the 6s S, - 7s 8§

5 5
levels [1,2]. From these measurements, we inferred a negative nonlinear
refractive index n, == 1.5 x 10-30N esu, in reasonable agreement with
the theoretical value - 2.62 X 10—3UN esu {2]. Thus, the magnitude of
n, at cesium vapor densities of approximately 1017 cm-3 will b2 comparable
to that of typical laser glass [3,4], giving rise to the possibility of
compensation for the whole beam self-focusing and self-phase modulation
in the amplifier chains of large glass lasers. The recent use of spatial
filters to suppress small-scale self focusing has allowed operation of
lasers at pecak nonlinecar phase retardations up to 3n  [5], where these
effects are appreciable.

In this paper we report initial studies of the compensation process.
We have observed comblctc compensation of the self-phase modulation (and
therefore whole beam self focusing) indvced by YAG amplifiers and ¢S, on
mode-locked pulses from a Nd:YAG laser by propagating the pulses through 2
cesium vapor cell, From the variaiion of nunlinecar phas~ compensation with
Cs number density we have determined a value of n2/N == (2.5 4 .5) X 10-30csu,
which is in excellent agreement with the theoretical value. Finally, the
degrec of compensation that we have been able to achieve indicates that the
nontinear refraction in Cs is instantaneous (i.e., &n(t) ~n, I(t));

thercfore, this process should be useful for compensating the self-phase
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modulation introduced by other rapidly responding media.
A pulse propagating through such a medium develops an intensity dependent
phase shift:

|
2 i) |
B(t) = nﬂ)\ - [ n, 1(z,t)dz. (1) \4

O O

co

where I(z,t) is the intensity, and L is the patb length. The instantancous J
frequency shift of the pulse 6W({) = - B(t) results in spectral broadening
with a Bessel function modulation that is characteristic of self-phase

modulation (SPM). Typical calculated cpectra are shown in Fig. 1 for

temporally Gaussian pulses with various values of peak nonlinear phase f
shift B. The FWHM spectral width A) and spacing Axpp between the outermost
peaks (normalized to the unchirped FWHM width Ako) are shown as a function
of B in Fig. 2. It is evident from this figure that AX is approximately
equal to the maximum instantaneous wavelength excursion due to the chirp

2
2 WL T ST (Ko /7nc) B(max) = 1.O3BA7\0 for B >> 1.

If a pulse with this type of phase structure is subsequently propagated
through a second medium with n, of opprsite sign to that of the first, the
nonlinear phase structure can be cancelled. This cancellation should occur
at all times during the pulse and at all positions acioss the beam profile
if the spatial changes due to self focusing and defocusing are negligible
within or between the two media; i,e,, if the nonlinear refraction affects
only the phase of the pulse [7].

In order to investigate these concepts, we performed the experiment

indicated schematically in Fig. 3. Single mode-locked pulses from a Nd:YAG
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laser werc sclf phase modulated in a positive sense by propagation through
the YAG amplifiers and 2 mm of €S, The pulses incident on the 082 cells
contained nominally 40 mj of energy with a 35 ps pulse width, as determined
by a 5 psec resolution streak camerva. The spatial profile, as determined
by a silicon diode array, was an Airy pattern with a 4.0 mm 1/e¢ diameter,

which was truncated at its first minimum by aperture A After a 2,1:1

1°
expansion by a Galilesn telescope to minimize the spatial effects of self
defocusing, the pulses were propagated through a 1 m long, two-temperature
cesium cell, which has been described elsewhere [2]. The pulse energy was
monitored before and after the cell wi.th a calibrated photo diode, The
peak on-axis inteasity at the entrance was approximately 1 GW/cmz, and the
insertion loss (due to cesium dimers [2,8] was less than 20% under optimum
compensation conditions,

Time-integrated spectra of the on-axis portion of the pulse were
recorded both before and after the cell by a 1 m normal incidence grating
monochromator and a streak camera. The streak camera was operated with a
time resolution of 350 psec, thereby providing time-integrated spectra of
each pulse, while allowing the incident and transmitted pulses to be
separated in time. The spectral resolution was 0.18 k.

Densitometer traces of typical spectra are shown in Fig. 4. The
incident spectra (lower traces) were broadened to widths of 2-4 ﬁ, with
approximately equal contributions from the CS2 cells and the YAG laser
amplifiers. They have the double-peaked appearance characteristic of their
phase modulation depths Binbetween 1.5 and 1.7n., The spectral asymmetry

is due to a temporal asymmetry of the laser pulse that arises from gain
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Saturation in the final YAG amplifier. For an empty cell (Fig. 4a), the
output spectrum is actually broadened slightly due to additional positive
self-phase modulation in the lenses and cell windows. At intermediate
cesium densities (4b), partial compensation is evident, with the spectrum
narrowing and becoming single-peaked. At a density N == ,76 X 1017 cm—3 (4c),
compensation is complete, and the spectrum of the initially phase-modulated
pulse narrows to its time-bandwidth limit. Higher densities (4d) result in
overcompensation; i.e., the pulse becomes self phase modulated in a negative
sense, with its spectrum broadened and the spectral asymmetry reversed,
Further studies showed that optimal compensation could be achieved for the

largest values of Bin that we were able to produce without beam breakup

(~3 ).

hl

B .
out in’

The numerical value of n2/N was obtained from Eq. (1) with B
using nine shots of known peak intensities and cesium pressurcs, Bin’ which
ranged from 1.5 n to 2.5 n, was estimated by measuring the peak-to-peak
spacin¢, of the input spectra, calculating AKPP/AAO, and using Fig. 2 [9].
For a pulsewidth At = 35 psec, AAO = (24n2) AozlncAt = 0.48 R, At the
output, where Bout ranged from .55 n to 1.0 x, the spectra were single-
peaked in most of the caces chosen. Bout was estimated by measuring the
FWHM spectral widths relative to those of time-limited pulses of similar

intensity and film exposure. No shots in which IBOl | < .5 1t ox

tt

1.0 n < B . < 1.5 n were used, because of the difficulty of estimating

i

accurate B values from spectra in these ranges., (See Fig. 2,) 1In all of
the shots that were used, the calculated B values matched closely with values

inferred from theoretical spectra of similar qualitative appecarance.

(See Fig. 1.)
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The result of our n2/N measurement is compared with the theory and our
earlier measurement [2] in Table 1. Although the value of n2/N determined
in the present work is in good agreement with the theory, the precision
is somewhat poorer than in our earlier measurement because of the difficulty
in evaluating accurate B values of the input and output pulses from the
spectra. The inaccuracy of our earlier value of n2/N probably arose from
inaccuracy in measuring N. 1In the present experiment, we allowed a sig-
nificantly longer time for the two-temperature cesium oven to reach thermal
equilibrium at each new density, and this appears to have remedied the
problem.

In summary, we have demonstrated that the negative nonlinear refractive
index of Cs vapor at 1.06 p can be used to compensate for the self-phase
modulation introduced on laser pulses by propagation through media with
positive n, values, The value of n2/N determined in these measurements is
in excelleat agreement with that obtained from ab-initio calculations.
Although the major thrust of the current work was to observe compensation
of self-phase modulation artificially introduced in CSZ’ some of the phase
modulation that was compensated arose in the amplifier stages of the laser.
In addition, virtually complete compensation was observed for our maximum
modulated pulses up to 3y  which is comparable to the phase modulation
found in some lasers currently being built for fusion rescarch [5]. Our
work therefore indicates the feasibility of using cesium to compensate
self-phase mcdulation, and hence whole beam self focusing, in large Nd:Glass
laser systems.

The authors wish to thank J. M. McMahon and 0. C. Barr for stimulating

and useful discussions,
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FIGURE CAPTIONS

Calculated spectra of self phase modulated Gaussian pulses with

peak nonlinear phase shifts B =0, 0.5 n, 1.0 =%, 1.5 « and 2.0 =.

Calculated FWHM spectral width A)A and outer peak spacing Axpp
(normalized to the time-bandwidth limited width Axo) of self

phase modulated Gaussian pulses of peak nonlinear phase shift B.
The dashed line is the normalized maximum instantaneous wavelength

excursion due to the chirp.

Schematic illustration of the Cs compensation experiment, showing
the use of a slow streak camera to separate the time-integrated

input and output spectra.

Densitometer traces of the incident spectra (lower) and transmitted

spectra (upper) for cesium densities of (a) N=0, (b) 4.6 x 1016 cm—3

(c) 7.6 X 10+6 cm'3, and (d) 1.13 x 10" Uiy
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A Discharge-Pumped ArCl Superfluorescent Laser at 175.0 nm

Ronald W. Waynant

Naval Research Laboratory

Washington, D.C. 20375

Initial observations have been made of laser action in ArCl excimers
pumped by a high-voltage, fast-risetime Blumlein discharge circuit.
The new laser emits at 175.0 nm and operates a* atmospheric pressure,
The gas from which the molecules are formed consists of 1% C12, 15% Ar
and 847 He. A gain coefficient of 0.012 cm-l has been determined for
ArCl,

PACS numbers: 82.50 Et, 78.76 Fi, 42,60 Cz, 52.80 Pi
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A Diseharge-Pumped ArCl Svperfluorescent Laser at 175.0 nm
Ronald W, Waynant

Naval Researeh Laboratory
Washington, D.C. 20375

Observations of numerous rare gas halide lasers (XeF, XeCl, XeBr, KrF, ArF,

and KrCl) have been macae using electron beam excitationl-lo. Some of these

molecules have also exhibited stimulated emission in discliirge-pumped systemsll-ls'
This paper reports the first observations of superfiuorescent emission from ArCl
at 175.0 nm., This wevelength is the shortest yet obtained from rare gas halide
excimers, It was produced with a fast (2.5 ns current risetime) Blumlein dis-
charge cireuit, which also was capable of exciting XeF, KrF, ArF, and KrCl with
no difficulty. (This is also the first report of discharge pumping of KrCl.)
While the basic operating principles of the traveling-wave Blumlein discharge
system have been described previously16 for use in generalling vacuum ultraviolet
emission from H2 arnd CO, the system used for this work was extensively modified
to produee a uniform Jischarge at higher pressures. These modifieations included
the creation of a gas chamber capable of handling several atmospheres of pressure
and new eleetrodes raised from the polyethylene Blumlein dielectric. The elee-
trodes, construeted from stainless steel, were 160 em long, 2.5 cm high, and
could be varied in separation from 1 to 7 cm, Electrically the Blumlein circuit
was triggered by the sequential firing of nine mylar switches timed to produce
a traveling wave of excitation in the direetion of proposed pulse propagation
(this has also been called the "swept gain" mode of operation). The resulting
voltages aeross the electrodes could be varied from about 80 to 110 kV. Several
eleetrode shapes were tried before settling on a nearly flat pair which gave a

uniform discharge free from arcing with pressures in the one-half to oane atmo-

sphere iange.

e
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The emission spectra of the rave gas halides were first studicd by Goldc
and Thrush17 and Velazco and Sctscrls. The emission spectrum of ArCl formed

by the reaction

wta 3 .
Ar* P2 +C12 -+ ArCl* + C1

is giveu by Golde and Thrush and shows a rather broadband (~ 8.0 nm) spectrum
with a maximum at 175.0 nm and a secondary peak at about 169.0 nm. Ewing and
Brau also observed the emission spectra of the rare gas monchalides and realized
the possibility of uv and vacuum uv laserslg. They were ablc to estimate the
features of a number of these lasers, and some of these lasers have now been
realized, Because of an interest in short wavelengths the work reported here

is an initial attempt at investigating those rarc gas halides which are predicted
to lase in the vacuum ultraviolet,

Initial experiments with this device were carried out in XeF, and the
spectcum at 355 nm showed the discrete lines characteristic of transitions between
stable molecular levels. The gas mixture used was 1,5% NF3, 5% Xe and then filled
with He to make total pressures of up to 500 Torr. Attcmpts to generate emission
from KrF produced poor results with NFB, and attempts to generate ArF with NF3
produced only a weak spontaneouc spectrum accompanied by numevous lines attributa-

ble to the excitation of NF, or jts decomprnsed fragments., Substitution of pure

3

F2 eliminated all difficulties in producing stimulated emission in KrF and ArF

as shown in Fig. 1. Gas mixtures consiste Of about 1% F2, 10% Ar or Kr, and the
rest He to make pressures of about one atmosph.. ., It is possible that pressures
above one atmosphere may produce higher pow.rs, but this was not investigated
because of our intecrest in obtaining shorter wavelengths. Therefore, 012 was
substituted for F2, and the laser cmission spectra shown in Fig. 1 were obtained

from KrCl and ArCl. Using similar gas mixtures and pres~ures with Cl2 as .sed

with F2, lasing was easiiy obtained.
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All of the exeimers lased in the superfluorescent (or ampliti:=d spontancous
emission) mode of operation. No resonant cavity was necded to obtain lasing,
although as Burnham11 has indicated, considerable improvement could be expected
in the output when resonant cavities are employed. The emission was extracted
through a LiF window and traversed a vacuum path of about one meter length
before entering a MePherson Model 225 one-meter vacuum speetrograph. The dis-
persed radiation was recorded on Kodak 101-01 vacuum uv film. A Hg lamp was
used to calibrate the wavelengths.,

Evidencc of amplification was obtained by numerous methods. The most
straightforward method consists of measurirg the output as a funetion of length
of excited gas. For lcngths below saturation intensity an exponential dependenecy
would occur when amplification takes place., By plaeing an absorbing material
(= glass plate) aeross thc discharge ehannel to keep emission from onec end of the
discharge from reaching the remaining excited gar, the effective length can be
varied without changing the discharge parameters anywheoe along the length of the
eleetrodes. Observations were madc of exponential behavior when the amplifying
length was eut from 160 cm to 80 cm. These indicate unsaturated amplification
for the exeimers investigated and allow mecasurement of the small signal gain eo-
efficients of 0.012 em ' for ArCl, 0.017 em ! for ArF, 0.018 cm™» for KrCl, and
0.019 en™! for KrF.

The temporal history of the amplified output was monitored both by a
photomultiplicr-speetrograph system and by the use of bandpass filters manufactured
by Aeton Research which were placed over an ITT 4018 photodiode with a sapphire
window. Typical pulses for ArCl and ArF are shown in Fig. 2. The output pulse
widths of KrF and ArF were longer (FWHM ~ 20 ns) than the pulse widths of KrCl
and ArCl (FWHM ~ 10 ns). Similar observations can be found in the comparison of

KrF and KrCl by Murray and Powellg.
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There is likely to be a considerable improvement in the output power of
ArCl and the other rare gas halides by optimizing electrode structure, gas
mixture, and rcsonator configuration., Precsent energy estimatcs wade with a
Molectron calorimcter (J3-02) indicate avpcut 0.2 mJ for ArCl, 1 mJ for ArF,
1.3 mJ for KrCl and 1.7 mJ for KrF from this system. Therefore, the pcak power
generated in these gases ranges from 20 to 90 kW.

Numerous applications of ArCl might be expccted as performance improves,
One application is that of pumping doped crystals to produce lasing over wavc-
lengths tunable from 175 nm to 260 nmzo. Such tunablc wavelengths would likcly
have numerous applications in photochemistry and isotope scparation. As Ewing
and Brau predictl9 it is likely that other rare gas halides can be made to lase
at even shorter vacuum ultraviolet wavelcngths, Scvcral candidates which remain
to be tried are KrBr which should lase at 203 nm, KrI at 185 nm, ArBr at 161 nm
and NeF at 107 nm,

The author gratefully acknowledges numerous discussions, encouragement, and

initial supply of NF3 by R. Burnham and the tecchnical assistance of L. J. Vcrna.
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FIGURE CAPTIONS
Fig. 1 - Spectra of discharge—pumped superfluorescent laser emission from four
rare gas halides, Each laser line was recorded in vacuum on the same
discharge chamber., Hg lines were used for calibration.

Fig. 2 - Traces of typical time resolved emission waveforms from a) ArF and

b) Arci, 20 ns/division.
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